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The present thesis focuses on the synthesis of novel functional materials by using block 
copolymer particles as soft templates. Three types of particles with complex structures have 
been synthesized, involving palladium@poly(styrene-b-2-vinylpyridine)@dodecanethiol-gold 
(DT-Au) (Pd@PS-P2VP@DT-Au) hybrid particles, polydopamine@gold (PDA@Au) 
nanoreactors with Au nanoparticles immobilized in PDA channels, and porous Ti4O7 particles 
with interconnected-pore structure. Their possible applications as catalyst and energy storage 
materials have been studied. 
In the first part of the thesis, Pd@PS-P2VP@DT-Au core-shell particles, which consist of 
dodecanethiol-gold (DT-Au) aggregation as core and Pd coated PS-P2VP as shell, have been 
fabricated based on the Rayleigh instability of polymer nanotubes inside Anodic Aluminium 
Oxide (AAO) porous membranes. The hybrid particles show efficient catalytic activity for the 
reduction of 4-nitrophenol by NaBH4. The catalytic activity has been compared with other 
reported systems. 
In the second part, PDA@Au nanoreactors with interconnected channel structures have been 
synthesized for the first time by using porous PS-P2VP particles as soft template. Electron 
tomography (ET) provides direct visualization of the interconnected pore structure of the 
nanoreactors, inside of which Au nanoparticles are homogeneously embedded. Such 
PDA@Au particles have been explored as nanoreactors for kinetic studies using the reduction 
of 4-nitrophenol as the model reaction.  
In the third part, porous Ti4O7 and carbon-coated Ti4O7 particles with interconnected-pore 
structure have been developed as efficient sulfur-host material for lithium-sulfur batteries by 
using porous PS-P2VP particles as template. The Ti4O7/S and carbon-coated Ti4O7/S 
composites show excellent electrochemical performance with initial capacities of 1219 mAh 
g−1 and 1411 mAh g−1, capacity retentions of 74% and 77% after 200 cycles, respectively. 
 










Gegenstand dieser Arbeit ist die Synthese neuer funktioneller Materialien unter Zuhilfenahme 
von Blockcopolymerpartikeln als „soft templates“ und die Untersuchung ihrer 
Anwendungsmöglichkeiten als Katalysator- und Energiespeichermaterialien. Drei Arten von 
Kompositpartikeln mit komplexen Strukturen wurden synthetisiert:  
Palladium@poly(styrol-b-2-vinylpyridin)@Dodecanthiol-Gold (Pd@PS-P2VP@DT-Au) 
Hybridpartikel, Polydopamin@Gold (PDA@Au) Nanoreaktoren und poröse Ti4O7 Partikel 
mit verbundener Porenstruktur.  
Im ersten Teil der Arbeit wurden Pd@PS-P2VP@Au Kern-Schale Partikel, bestehend aus 
DT-Au Aggregaten als Kern, umgeben von mit Palladium Nanopartikeln beschichtetem PS-
P2VP als Schale hergestellt. Die auf die strukturierte P2VP Schale aufgebrachten Palladium 
Nanopartikel weisen im Vergleich mit anderen bekannten Systemen gute katalytische 
Eigenschaften für die Reduktion von 4-Nitrophenol mit NaBH4 auf.  
Im zweiten Teil wurden zum ersten Mal PDA@Au Nanoreaktoren mit verbundener 
Porenstruktur unter Verwendung einer „soft template“-Methode synthetisiert. Dabei wurden 
poröse PS-P2VP Partikel als Template verwendet. Mittels Elektronentomografie (ET) konnte 
die verbundene Porenstruktur mit den darin gleichmäßig verteilten Gold Nanopartikeln direkt 
abgebildet werden. Die PDA@Au Partikel wurden mithilfe der katalytischen Reduktion von 
4-Nitrophenol kinetisch untersucht. 
Im dritten Teil wurden poröse Ti4O7 Partikel mit verbundener Porenstruktur als neuer Typ 
von Schwefel Wirtsmaterial für Lithium-Schwefel Batterien unter Zuhilfenahme von porösen 
PS-P2VP Templatpartikeln entwickelt. Die elektrochemische Untersuchung von Ti4O7/S und 
kohlenstoffbeschichtetem Ti4O7/S beim Einsatz als Kathodenmaterial ergab hervorragende 
Leistungsdaten von 1219 mAhg−1 bzw. 1411 mAhg−1 für die Anfangskapazität und eine 
Kapazitätserhaltung von 74% bzw. 77% nach 200 Zyklen. 
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1. Introduction  
Nanomaterials with highly ordered or porous structures are of great interest in a broad range 
of applications including gas storage and separation materials, encapsulation agents for 
controlled release of drugs, catalysts, energy storage and sensors.1 The formation of these 
complex structures usually relies on the availability of templates, which traditionally involve 
hard templates and soft templates.2, 3 Hard templates are usually solid-state materials with 
particular structure and morphology. They were popular because of the precise control over 
size and shape of the resulting materials. However, the removal of hard templates requires 
harsh conditions, not only complicating the synthesis process, but also causing damage to the 
degradable materials, which prevent them from further development. On the contrary, soft 
templates generally consisting of various polymers or surfactants are much easier to be 
removed by means of simple extraction or evaporation. But the precise control on the 
morphology of the target product is hard to achieve by using traditional soft templates. 
Therefore, combining the advantages of traditional hard templates and soft templates is of 
great importance for the development of novel functional materials. 
Recent advances in this area have demonstrated that block copolymer (BCP) assemblies can 
fulfill this need, because they can yield ordered structures in a wide range of morphologies.4, 5 
Moreover, they are soluble in many organic solvents and can be removed easily by dissolving. 
Thus, block copolymer assemblies become promising templates which can realize the precise 
control on morphology together with the ease of removing. Current studies using block 
copolymer as template to synthesize advanced materials mainly focus on two directions. One 
is the assembly of metal/metal oxide nanoparticles into ordered patterns. For example, Jin et 
al.6 reported the patterned decoration of gold nanoparticles on the surface of poly(styrene-2-
vinylpyridine) (PS-P2VP) particles using in situ reduction of HAuCl4 in P2VP domains under 
UV irradiation. However, most works of this sort focus on the assembly of one type of metal 
nanoparticles.7-9 No experiment has been conducted on the assembly of two different types of 
metal nanoparticles to BCP particles with ordered spatial distribution. Integrating specific 
properties from different materials usually is a practical way to maximize the functionality of 
the resulted materials. Thus the assembly of different types of metal nanoparticles onto block 
copolymer nanostructures becomes a subject of great significance. 




Another direction is creating porous structures through selective etching or selective swelling 
of the block copolymer materials.10, 11 Block copolymers with one chemically active 
component have been demonstrated to be promising precursors for the generation of ordered 
porous structures. For example, Wang et al.9, 10 have studied the swelling-induced pore 
generation of PS-P2VP or PS-P4VP materials since 2010, they have investigated the porous 
structures from bulk materials to nanofibers and nanorods. Jin et al.12 extended the porous 
structures to nanospheres. The corresponding applications have been demonstrated on 
membrane separation, antireflective coating and drug loading.13, 14 However, the potential 
application as template for the formation of complex structures has not been extensively 
studied. Only a few reports present their attempts at exploring the porous bulk materials as 
templates for functional replicas. No reports have been found about the templating role of the 
porous particles, whereas nanoparticles with complex inner structures together with designed 
functional components are of great importance to develop advanced materials. Considering 
the nondestructive nature of the swelling strategy, the obtained porous particles provide 
possibilities for the synthesis of a new class of functional replicas with complex inner 
structures. 
Therefore, the present thesis focuses on the synthesis of novel functional materials by using 
block copolymer nanoparticles and their porous structures as templates. Three works are 
presented including spatial assembly of two types of metal nanoparticles onto block 
copolymer nanospheres, synthesis of polydopamine@gold (PDA@Au) nanoreactors, and 
synthesis of porous Magnéli phase titanium sub-oxides (Ti4O7) nanoparticles. Their possible 
applications as catalyst and energy storing materials will be discussed in the following 
chapters. 
1.1 Self-assembly of block copolymers (BCPs) 
Block copolymers are molecules composed of different blocks covalently connected into one 
macromolecule. Minimization of free energy during microphase separation can lead to the 
formation of various thermodynamically-stable structures on nanometer scale.4 With the 
advent of anionic polymerization, which permits the synthesis of model block copolymers 
with narrow molecular weight distribution, microphase separation structures of block 





 Figure 1.1.1 Mean-field phase diagram for model diblock copolymers.4 Phase are labeled L (lamellar), H 
(hexagonal cylinders), Qla3d (bicontinuous cubic gyroid), Qlm3m (BCC spheres), CPS (close-packed spheres), 
and DIS (homogeneous). χ : Flory-Huggins interaction parameter; N: the total chain length (or molecular weight);     
f : the volume fraction of one block (for diblock copolymers, fA + fB = 1). When χN is small, the system is 
homogeneous, microphase separation does not take place. If χN is large (≥10), the system spontaneously 
undergoes microphase separation. The final structure is determined by f. Systems with approximately equal 
lengths of ‘dislike’ blocks (fA=0.5) form lamellae, while highly asymmetric systems (very small fA) form BCC 
spheres, with the short block comprising the discrete phase. Cylinders and gyroid structures form between 
spheres and lamellae. The characteristic spacing is determined by N. 
bulk, block copolymers with immiscible blocks can microphase separate as a function of 
composition into a variety of morphologies: body-centered cubic (BCC) array of spherical 
domains, hexagonally packed cylinders, bicontinuous gyroid and an alternating lamellar 
morphology (Figure 1.1.1).4, 17 Because these structures are resulted from block copolymer 
microphase separation, they are generally called microdomains. The self-assembly process is 
driven by an unfavorable mixing enthalpy coupled with small mixing entropy, with the 
covalent bond connecting the blocks preventing macroscopic phase separation.  
Different from bulk materials, the microphase separation patterns of block copolymer 
nanoparticles are strongly affected by the spherical geometry. The spherical confinement 





Figure 1.1.2 TEM images of PS-PB particles with different ordered structures. (a) onion-like microphase 
separation structure; (b) helices structure; (c) packed spheres structure.18 
differs from that in bulk where the principal curvature is zero. It is a three-dimensional (3D) 
confinement. Under the efforts of curvature, commensuration (the size of the nanospheres is 
integral multiple of the microdomains) and surface properties, the microphase patterns are 
forced to conform the geometry of the nanospheres. There are many theoretical and 
experimental works investigating block copolymer nanospheres with ordered structures.19-23 
Yang’s group18 has systematically studied the microphase separation structures of 
polystyrene-b-polybutadiene (PS-PB) particles with the volume fraction of PS (fPS) for three 
different values. They observed that with the decrease of fPS from 0.4 to 0.21 and 0.04, the 
microdomains of lamellae, cylinders, and spheres were structured in concentric arrangements 
due to the spherical confinement of the particles. The generated nanostructures changed from 
onion-like to helices and finally packed spheres structure (Figure 1.1.2).  
Apart from the dominating role of the volume fraction of the blocks, other experimental 
factors such as preparing method, preparing temperature and the size of spherical confinement 
also have great impact on the nanstructure of block copolymer particles. For example, Yabu et 
al.24 studied the nanostructures of symmetrical polystyrene-b-polyisoprene (PS-PI) particles 
prepared using the self-organized precipitation method at various temperatures from 10 to 40 
˚C. They observed different microphase separation structures in the nanoparticles, including 
disordered, stacked lamellar and onion-like structures depending on their preparation 
temperature (Figure 1.1.3). Besides, the size of the spherical confinement also has influence 
  
Figure 1.1.3 STEM images (dark field) of PS-PI nanoparticles prepared at (a) 10 ˚C, (b) 25 ˚C, and (c) 40 ˚C. 





 Figure 1.1.4 TEM images (dark field) of PS-PB nanoparticles with different sizes of spherical confinement. The 
confinement is calculated as D/L0. (D: diameter of the particles; L0: the feature spacing of the phase-separated 
periodic domains)  (a) D/L0 = 2.0; (b) D/L0 = 2.5; (c) D/L0 = 3.3; (d) D/L0 = 4.0. Scale bars indicate 50 nm.18 
on the morphology of the block copolymer particles. As demonstrated by Yang et al.,18 a 
small volume of the particles usually contains a few individual microdomains. Whereas a 
larger volume allows for more repeated microdomains, which can form ordered structures 
inside the particles.  
These nanostructured polymer particles are of great interest due to their possible applications 
in nanotechnology, for example the applications in nanolithography, fabrication of 
nanocontainers for drug delivery, and building of photonic crystals.25-27 In addition, block 
copolymer particles can serve as template for the assembly of metal nanoparticles into ordered 
patterns. Particles composing of degradable or swellable components offer opportunities for 
the synthesis of porous structures and even more complex structures. Therefore, block 
copolymer nanoparticles will be promising candidates to work as templates for the synthesis 
of complex nanostructures. 
1.2 Block copolymer directed assembly of metal nanoparticles 
Metal nanoparticles have promising applications in various optical, electronic, and sensor 
devices because of the extraordinary functionalities that their bulk counterparts do not have.28 
When multiple metal nanoparticles are organized at the nanometer scale, collective 
phenomena can be caused by the interaction among them. This strongly relies on the 
morphology of the assembly including the configuration of their organization and the 
interparticle distance.29 For example, depending on the polarization of light, metallic 
nanoparticles in a one-dimensional linear array exhibit a remarkable difference in absorption 
spectra owing to their anisotropic configuration.30 Moreover, the size and spacing of the 
arrayed nanoparticles determine the degree of surface plasmon resonance coupling.31 Robust 
and feasible techniques to arrange nanoparticles with tunable assembly have been extensively 




explored in the last few years.32, 33 One such technique is direct-write lithography, which 
includes electron-beam lithography 31 and dip-pen nanolithography.32 However, conventional 
lithographic processes show their practical and theoretical limits and make it challenging to 
arrange nanoparticles with single particle precision. On the contrary, block copolymer 
directed self-assembly approaches provide opportunities to overcome these limitations, 
especially to control the inter-particle ordering precisely to tailor the coupling phenomena in 
nanoparticle clusters.34 
Two major strategies have been explored to generate metal nanoparticle arrays within block 
copolymer microdomains: in situ synthesis of metal nanoparticles, and assembly of surface 
modified metal nanoparticles into selected block copolymer microdomains.35, 36 The assembly 
of modified nanoparticles within block copolymers relies on a delicate balance of the 
interactions between the ligands attached to the nanoparticles and the segments of the block 
copolymers, as well as the influence of the size of the nanoparticles on the chain configuration 
of the block copolymers.37, 38 In addition, this method requires the functionalization of 
nanoparticles surfaces with small molecules or polymer brushes, which increases the 
complexity of the synthetic process and limits the use of the metal nanoparticles. 
For in situ nanoparticle synthesis, a wide range of metal nanoparticles can be assembled into 
block copolymer nanostructures via reduction of metal precursors, which can be selectively 
coordinated with one of the blocks. The reducing methods range from chemical reduction to 
thermal decomposition, vapor deposition, and sputtering.39 In aqueous solutions, metal 
nanoparticles are typically produced from the chemical reduction of metal ions by reducing 
agents such as NaBH4, citric acid, or ascorbic acid. Externally supplied energy such as 
photoirradiation,40 ultrasound irradiation,41 or heating42 can be also applied for the reduction. 
Until now a big family of electron donor type block copolymers such as polyvinylpyridine 
(PVP)-containing polymers have been intensively studied for directing the assembly of metal 
nanoparticles.43 Owing to the electronegative nitrogen in the pyridine ring, various kinds of 
metal ions can coordinate with the PVP-containing polymers, which can be further reduced 
into metal nanoparticles arranged in ordered-patterns. For instance, Buriak and co-workers44 
have fabricated catalytic stamps through a two-step procedure, in which linearly arranged Pt 
nanopattern is produced in the poly(styrene-2-vinylpyridine) (PS-P2VP) template via in situ 





 Figure 1.2.1 SEM (a) and AFM (b) images of a Pt mask with line patterns fabricated from PS-P2VP loaded 
with Pt salt. 44 (c) Schematic illustration and microscopy images of metal hybrid block copolymer (Au@PS-
P4VP) microspheres with controlled surface structures.45  
poly(dimethylsiloxane) (PDMS) surface through a peel-off approach (Figure 1.2.1a, b). Kim 
and co-workers45 reported the patterned decoration of gold nanoparticles on the surface of PS-
P4VP particles using in situ reduction of HAuCl4 in P4VP domains under UV irradiation 
(Figure 1.2.1 c).  
Most works of this sort have only focused on the assembly of one type metal nanoparticles.46, 
47 Multifunctional materials usually require the integration of unique properties of different 
materials. Due to the limited chemical composition of the block copolymers, few of them 
exhibit selective preferences to different metal nanoparticles.45 Thus few experiments have 
been conducted on the assembly of two different types of metal nanoparticles to block 
copolymer particles with ordered spatial distribution. In addition, there are still technical 
difficulties in preparing hybrid particles embedded with large amount of metal nanoparticles 
for practical device applications. Usually the interaction between the high-content metal 
nanoparticles and their favorable block of the block copolymer will increase its effective 
volume, resulting in breaking of the ordered structures.43-46 In general, it is critical to control 
both the distribution and high loading rate of metal nanoparticles within the block copolymer 
particles. 
Fabrication of size tunable polymer particles by swelling the short rod-like entities generated 
from Rayleigh instability of polymer nanotubes inside the anodic aluminum oxide (AAO) 
nanopores was reported recently.48 Different from commonly used methods, this strategy 
allows the injection of hybrid materials such as the mixture of metal nanoparticles/polymer. In 
consideration of the interactions of the AAO wall with different injected materials, this 




strategy provides possibilities for the generation of phase separated hybrid nanostructures, 
which can be promising candidates for the fabrication of BCP particles loaded with different 
types of metal nanoparticles. In the present thesis, I will study a novel approach for the 
synthesis of particles selectively loaded with two types of metal nanoparticles.  
1.3 Mesoporous materials using block copolymers as template 
1.3.1 Mesoporous polymeric materials  
Hierarchically porous materials provide synergies between mechanical properties, transport 
properties, and enhanced surface area.49 Integrating 3D continuous mesopores (diameter of 
2～50 nm) with macropores (diameter > 50 nm) is of particular importance in catalytic 
conversions because it combines high specific surface area with high flux. Potential 
applications range from catalysis to batteries and bioengineering.49 Among polymeric 
materials, block copolymer self-assembly is known to generate ordered structures with 
tunable size and morphology through control over molecular parameters, for instance block 
component, sequence, and molar mass.50 Specific methods have been developed to form 
mesopores, including selective etching,51, 52and swelling with sacrificial components.53, 54 
The selective etching method mainly takes advantage of the degradable character of block 
copolymers. Nanoporous polymer materials can be prepared by removal of the constituted 
components in block copolymers through ozonolysis,55 UV degradation,56 hydrothermal 
degradation,57 or reactive ion etching.58 Compared with selective etching, another distinct 
strategy is based on the swelling-induced morphology reconstruction of self-assembled 
amphiphilic block copolymers without losing any component.53 In this methodology, pore 
generation is based upon the confined swelling and subsequent drying-induced collapse of 
separated microdomains of minority blocks. This strategy has been especially valued in recent 
studies for the reason of preserving their mechanical strength and chemical heterogeneity of 
the block copolymers. The block copolymers used in this procedure are generally amphiphilic 
ones with PS as nonswollen majority block, because its Tg is higher than ambient temperature. 
Examples include polystyrene-b-poly(2-vinylpyridine) (PS-P2VP), polystyrene-b-poly(4-
vinylpyridine) (PS-P4VP), polystyrene-b-poly(acrylic acid) (PS-PAA), polystyrene-b-
poly(ethylene oxide) (PS-PEO), poly(styrene-b-methyl methacrylate) (PS-PMMA), 
polystyrene-b-4-(perfluorooctylpropyloxy)styrene (PS-PFS), and polystyrene-b-






Figure 1.3.1.1 Molecular structures of polystyrene-b-poly(2-vinylpyridine) (PS-P2VP) and polystyrene-b-
poly(4-vinylpyridine) (PS-P4VP). 
selective solvents for the minority block but not for the PS block, for example, ethanol for the 
P2VP phase in PS-P2VP, and supercritical CO2 for the PFS phase in PS-PFS.59, 60  
The selective swelling of block copolymers for pore generation can occur in nanorods or 
nanotubes, thin films, and nanoparticles.12, 53, 54 The thin films with spherical or cylindrical 
domains are used most frequently to create porous structures. Wang et al.61 have intensively 
investigated the evolution of morphology of PS-P2VP films soaked in ethanol with different 
temperatures and times, showing various porous structures of the thin films (Figure 1.3.1.2). 
Compared with numerous studies on block copolymer thin films, there are only a few reports 
on the selective swelling of block copolymer nanoparticles. Porous or hollow block 
copolymer nanospheres with large surface area and internal loading space are of great 
importance in medical, biological and catalytic studies. The precise control on the pore 
opening and closing has attracted increasing interests from researchers. For instance, Jin et 
al.12 put much effort on the investigation of swelling induced mesoporous PS-P2VP 
nanoparticles. They demonstrated a novel way to tune the pore size and their surface 
arrangement through a supermolecular assembly process. Besides, they also found a pore 
closing strategy by swelling the porous particles in good solvent vapour to the PS matrix.  
Further modification of the porous block copolymer materials will lead to well-designed 
functional materials. For example, Abetz et al.62 proposed an approach to functionalize the 
PS-P4VP membranes with the temperature- and pH-responsive polymer, poly(N-
isopropylacrylamide) (pNIPAM)-NH2, leading to a double stimuli-responsive membrane 
(Figure 1.3.1.2). The modified porous membranes offer promising applications such as 
molecule separations.  





Figure 1.3.1.2 (a-i) SEM images of porous PS-P2VP membranes prepared at different swelling temperatures and 
times. The swelling temperatures of (a-c), (e-f), and (g-i) were 55 ˚C, 65 ˚C, and 75 ˚C, respectively. The 
swelling times of (a, d, g), (b, e, h), and (c, f, i) were 6 h, 15 h, and 24 h, respectively. The scale bar is 500 nm. 61 
(j-l) Double-stimuli responsive membrane obtained from functionalization of porous PS-P4VP template.62  
Current works on porous polymer materials are mainly focusing on porous membrane, closed 
capsules, and particles with open porous structure.54-57 More complex nanostructures, such as 
porous particles with separated chambers or confining spaces of other shapes, have not been 
extensively studied due to technical difficulties in synthesis. Moreover, a special class with 
encapsulated guest species such as metal nanoparticles in the interior, is of great interest as 
nanoreactors for the study of chemical reactions confined in nano-space. The well-established 
pore-making strategies of block copolymers provide the possibility of synthesizing the 
aforementioned complex nanostructures. For example, the selective swelling induced porous 
materials can be applied as templates, which can not only introduce functional materials to the 
backbones, but also be removed by dissolving, leading to complex porous and hollow 
structures. As far as we know, there is no report on the using of porous polymer particles as 
soft template for the synthesis of more complex nanostructures. 
Therefore, this thesis will study the templating effect of porous PS-P2VP particles on the 
synthesis of polydopamine@gold nanoreactors particles with interconnected pore structure. 
1.3.2 Mesoporous metal and metal oxide materials 
Compared with porous polymeric materials, metal and metal oxides possess stronger chemical 
and thermal resistance. Such porous inorganic materials have exceptional properties such as 
low relative density (ρMNMs/ρbulk), enhanced plasmonic behavior, high strength-to-weight ratio, 
and size effect-enhanced catalytic behavior.63 These properties are of great interest in many 






Figure 1.3.2.1 (a-c) Schematic illustration for the preparation of alumina networks of interconnected nanotubes 
by ALD on swelling-induced mesoporous block copolymer templates. (d) Top view and (e) cross-sectional view 
of the alumina porous membrane with interconnected tube structure.69  
hydrogen storage, and high-efficiency catalysts.64 Porous metal or metal oxides are much 
more difficult to be fabricated in comparison with porous block copolymer materials. Only a 
few synthetic pathways have been demonstrated. For instance, by using a bottom-up approach, 
aerogels with metallic backbones can be obtained from direct assembly of metal nanoparticles 
into gels via sol-gel process.65 In contrast, by using a top-down approach, nanoporous Au can 
be prepared via selective removal of Ag from a Au-Ag alloy (a process called dealloying).66  
Apart from the conventional methods, recent studies have been focusing on the soft-template 
method by using porous block copolymer materials as template. A variety of approaches, such 
as electrochemical deposition,67 electroless plating,68 and atomic layer deposition (ALD)69 
have been well demonstrated for the deposition of metal and metal oxides onto block 
copolymer templates. Among them, atomic layer deposition offers exactly advantages in 
control of the synthesis at atomic level of metal oxides. The deposition onto interconnected 
block copolymer network is proved to be a simple strategy to prepare metal oxides with finely 
adjustable, interconnected pore morphologies. Wang et al.69 have synthesized different porous 
metal oxides by using porous PS-P4VP membrane obtained from a selective swelling method 
as template, followed by the replica of different metal oxides involving Al2O3, TiO2, ZnO, 
V2O5, WO3, MoO3 (Figure 1.3.2.1) through the ALD method.69, 70  




Different from bulk or membranes, metal oxide nanoparticles can exhibit unique physical and 
chemical properties due to their limited size and a high density of corner or edge surface 
sites.71 Although the synthesis of porous metal oxide membranes has been well developed, 
there are few reports on the synthesis of conductive metal oxide nanoparticles, such as Ti4O7 
particles, with interconnected pores in the interior. Such kind of particles can provide polar 
surface, high conductivity, as well as separated confining spaces, which are highly valued as 
sulphur host materials for lithium-sulphur (Li-S) battery.72, 73 Unfortunately, technical 
difficulties are still existing in the synthesis of such kind of porous metal oxide particles. On 
one hand, the commonly used deposition methods such as electroless plating and atomic layer 
deposition no longer fit for the nanoparticle templates, which are usually dispersed in aqueous 
or organic solution. On the other hand, in comparison with 2D membranes, the deposition or 
growth of metal oxides on the surface of block copolymer nanoparticles are more difficult due 
to the curvature. Thus, it remains a big challenge to develop a simple and universal method 
for the synthesis of conductive metal oxide nanoparticles with complex inner structure.  
In my study, the swelling induced porous block copolymer particles have been applied as 
template to direct the deposition of metal oxide precursors (titanium isopropoxide), followed 
by the hydrolysis and calcination. The block copolymer templates can be removed by 
calcination, leading to the porous Ti4O7 particles. This thesis will demonstrate the obtained 
porous Ti4O7 particles can work efficiently as cathode materials for Li-S batteries.  
1.4 Objectives  
The main objective of this thesis is to synthesize novel functional materials with complex 
structures by using block copolymer nanoparticles as soft templates. Their possible 
applications as efficient catalyst and cathode material for Li-S batteries will be investigated. 
PS-P2VP particles and their porous structures induced from a selective swelling process have 
been used as templates. 
First, PS-P2VP dense particles with ordered phase-separation structures can be applied to 
direct the assembly of metal nanoparticles into ordered patterns. The main interest of this 
work is to assemble two different types of metal nanoparticles onto one polymer particle. The 
control over the types of metal nanoparticles and their separated spatial distribution is a big 






• In order to realize the assembly of Pd and Au nanoparticles onto PS-P2VP 
nanospheres with separated distribution, a synthesis route has been designed by 
combining the Rayleigh instability of polymer nanotubes inside AAO membrane with 
a swelling process in toluene/water emulsion.  
• To follow the morphology transformation of the target particles from the beginning, 
TEM characterization has been applied at different steps of the synthesis procedure. 
The influences of the concentrations of PS-P2VP and Au nanoparticles on the 
morphology of the resulting particles have been studied. 
• To study the optical properties of the target particles, UV-vis absorption has been 
measured for the particles with different core sizes. The catalytic activity of the 
particles has been investigated with a model reaction, the reduction of 4-nitrophenl by 
NaBH4. 
The second work aims at synthesizing the PDA@Au nanoreactors with interconnected 
channel structure by using porous PS-P2VP particles obtained from a selective swelling 
process. The influence of the complex structure on the catalytic reaction of 4-nitrophenol has 
been studied. The investigation has been conducted as follows: 
• In order to generate a new type of nanoreactors with interconnected channel structure, 
porous PS-P2VP particles obtained from a selective swelling process, which consists 
of interconnected networks of micellar nanofibers, have been used as templates. 
• The control over the thickness of the PDA layer has been studied by tuning the 
polymerization time. The morphology of the product has been characterized by TEM. 
The formation of PDA and Au nanoparticles has been demonstrated by FTIR and 
XRD spectra. 
• To get the 3D structures of the template and the product, a direct visualization method, 
Electron tomography (ET), has been applied for both the porous PS-P2VP template 
and the resulted PDA@Au nanoreactors, inside of which Au nanoparticles are 
embedded separately in the channels. 
• Additionally, the full kinetics of the reduction of 4-nitrophenol has been studied by 
using the PDA@Au particles as catalytic nanoreactors. Different concentrations of 4-
nitrophenol and sodium borohydride have been used for the experimental and 
theoretical study. A comparison has been made between the catalytic system in this 
work and those reported in literatures, including Au nanoparticles immobilized in 
spherical polyelectrolyte brush (SPB) and ligand-free Au nanoparticles. 




The third work aims at synthesizing porous Ti4O7 particles with high surface area and 
interconnected pores, which can provide both polar surface and valid confining volume 
for polysulfides in Li-S batteries. 
• PS-P2VP templates with different porosities have been applied to generate the Ti4O7 
particles. To optimize the experimental conditions, a series of hydrolysis ratios 
(Ti/H2O molar ratio) have been studied. 
• To obtain the Ti4O7 crystal structure, calcination in a tubular furnace at 900 ˚C under 
Ar atmosphere has been carried out to reduce the insulating TiO2 into Magnéli phase 
titanium sub-oxides (Ti4O7). To reveal the porous structure of the Ti4O7 particles, 
SEM, TEM and BET measurements have been conducted on the porous particles. A 
layer of carbon has further been coated on the surface of the Ti4O7 particles to improve 
the conductivity of the particles. 
• To evaluate the electrochemical properties of the Ti4O7/S and carbon coated Ti4O7/S 
composite, 2032-type coin cells have been fabricated with thick coated electrode films, 
in which the mass loading of sulphur has been controlled to be approximately 1.0~1.2 
mg per electrode. The CV profiles, rate capabilities and cycling performance have 






2.1 Formation of block copolymer nanoparticles  
Block copolymer nanoparticles are widely used in various applications in the fields of 
photonics, electronics, and biotechnology.21 There are many preparation methods for the 
synthesis of such kind of nanoparticles, including milling of bulk materials, emulsion 
polymerization, and reprecipitation.74 However, it has not been achieved to combine tunable 
size of the particles together with highly ordered nanostructure derived from the microphase 
separation using the aforementioned methods. This is because the size and shape of the 
polymer precipitates are largely dependent on physical conditions such as the speed of mixing 
and evaporation. The highly ordered nanostructure is strictly dependent on a narrow 
distribution of the molecular weight, which is difficult to achieve in emulsion polymerization.  
Very recently, a novel synthesis strategy based on the Rayleigh instability of polymer 
nanotubes confined in anodic aluminum oxide (AAO) nanopores has been reported by Jin et 
al.48 In the demonstrated model, PS-P2VP particles with tunable size and highly ordered 
nanostructures can be obtained by using commercial block copolymers with a narrow 
polydispersity index (PDI) value. In this thesis, these PS-P2VP particles with well-defined 
morphology have been applied as soft templates for the assembly of metal nanoparticles. In 
addition, the swelling induced porous PS-P2VP particles have been used as templates for the 
synthesis of more complex structures, including polydopamine@gold particles and Ti4O7 
particles with interconnected porous hierarchy. 
2.1.1 Formation of block copolymer nanospheres based on Rayleigh instability 
Lord Rayleigh (1878) examined a common experience: a thin jet of liquid is unstable and 
breaks into droplets.75 When a jet is thin enough, the effect of gravity is negligible compared 
to surface energy. The jet changes its shape to reduce the total surface energy. This 
phenomenon is named as the Plateau-Rayleigh instability, often just called the Rayleigh 
instability.76, 77  
The driving force of the Rayleigh instability is that liquids, by virtue of their surface tensions, 
tend to minimize their surface area. Srolovitz and Safran (1986) gave a simple geometric 
argument.79 Assume that the surface energy density is isotropic, and the free energy of the 




Figure 2.1.1.1 Graphical illustration of the Rayleigh instability. A liquid cylinder undulates and transforms into 
a chain of spheres.  (a) Real water flow and (b) graphical model.78 
system is the surface area (S) times the surface tension (γ). One has to show that the cylinder 
has a larger surface area than the row of spheres. Consider a long cylinder with radius R, and 
a row of droplets with radius b. Imagine that the cylinder evolves to the droplets by first 
perturb the surface with a wavelength λ. The volume per wavelength of the cylinder equals 





3. The free energy 
per wavelength of the cylinder is 2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋. The free energy per droplet is 4𝜋𝜋𝑏𝑏2𝜋𝜋. The free energy 
of cylinder is larger than the row of droplets if 𝜋𝜋 > 9𝑅𝑅
2
. From this geometric (energetic) 
consideration, one can expect that a thin liquid flow will evolve to a row of spheres with large 
enough radius. 
The Rayleigh instabilities also occur when a liquid film is coated onto the wall of a capillary 
tube. For a thin liquid film with a thickness e, and a tube with a pore radius b, when e « b, the 
film undergoes an undulation process to minimize the surface energy. As the amplitude of 
undulation grows with time, crests may merge to form bridges across the capillary tube, 
producing a rod with periodic encapsulated holes.80-82 The transformation process of polymer 
nanostructures is shown in Figure 2.1.1.2. There are four states in the transformation process, 
including (A) nanotubes, (B) undulated structures, (C) Rayleigh-instability-induced structures, 
and (D) nanorods.  
Figure 2.1.1.2 Schematic mechanism of the transformation process by thermally annealing polymer nanotubes 
confined in the nanopores of AAO templates. The polymer nanotubes (A) are transformed to undulated 





According to the theory of the Rayleigh instability, the relationship between the wavelength 
of the undulation and the diameter of the cylinder can be shown as the following: 79 
𝜋𝜋 = (2𝜋𝜋√2)𝑏𝑏      (1) 
This indicates the length of the rod like structures (λ) can be directly controlled by tuning the 
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Where 𝜏𝜏𝑀𝑀 is the characteristic time, η is the viscosity, b is the pore radius, γ is surface tension 
of liquid, and e is the initial film thickness. According to the formula, 𝜏𝜏𝑀𝑀 is proportional to 
the viscosity of the liquid. In the case of polymer melt, the viscosity changes with temperature 
and molecular weight. The morphology diagrams of the transformed structures of polystyrene 
(PS) at different annealing temperatures and times are constructed based on experiment 
results, showing the kinetic pathway of the structure transformation.78 From the morphology 
diagrams (Figure 2.1.1.3), it can be observed that the initial instability structure region occurs 
at shorter times when the annealing temperature is higher. For example, initial instability PS 
(Mn = 24 kg/mol) structure region is ∼18 h when the annealing temperature is 110 °C (Figure 
2.1.1.3a), which is reduced to ∼1 h when the annealing temperature is increased to 130 °C. 
Therefore, the time required to transform from the tube structures to the instability structures 
at 130 °C is shorter than that at 110 °C. In addition, the instability structure region is larger at 
lower annealing temperatures. Similar tendency in the morphology diagram can be observed 
for PS with higher molecular weight (Mn = 100 kg/mol), as shown in Figure 2.1.1.3b. 
 
Figure 2.1.1.3 Morphology diagrams of polymer nanostructures from PS with two different molecular weights: 
(a) Mn = 24 kg/mol and (b) Mn = 100 kg/mol. The solid blue diamonds indicate the nanotube structures. The 
solid red squares indicate the instability structures. The solid green triangles indicate the nanorod structures.78  




The polymer nanorods with periodic holes are demonstrated to be easily broken during 
morphology characterizations.83 This inspires Jin et al.48  to cut the nanorods at the weak part 
to generate nanoblocks with similar length. After swelling in toluene/water emulsion followed 
by evaporation of toluene, the nanoblocks transformed into nanospheres. A mechanism for the 
structural transformations induced by swelling-deswelling process has been proposed (Figure 
2.1.1.4). Toluene is a good solvent for polymers and is slightly soluble in water. As it diffuses 
into the polymer blocks, they swell and the solid blocks become liquid droplets.84 The swollen 
blocks adjust their shapes into spherical droplets in order to minimize the interfacial energy. 
Without surfactant, the swollen particles coalesce. When surfactant is present, they remain 
stable. The toluene can be removed by steam stripping or thermal annealing, which are 
common methods for removing organic solvents from polymer dispersions.85 Because toluene 
and water have a large miscibility gap, this procedure removes nearly all the toluene. 
Current studies of this sort have only demonstrated the synthesis of pure polymer particles. 
The generation of hybrid particles by using the method based on Rayleigh instabilities has not 
been approved. Wetting the AAO channels with hybrid melt such as the mixture of block 
copolymer/metal nanoparticles will provide opportunities for the study of the instability of 
 
Figure 2.1.1.4 Synthesis process of polymer nanospheres from short nanorods obtained from Rayleigh 






heterogeneous phase. The instability and the phase behaviors inside the AAO channels are of 
great interest, which will greatly affect the morphology of the resulting hybrid particles. The 
location of the injected metal nanoparticles and their influence on the surface pattern of the 
resulted hybrid particles are needed to be revealed.  
In this thesis, I use the mixture of PS-P2VP/gold nanoparticles for the first time as the wetting 
materials. The instability of the hybrid melt inside the AAO channels and the morphology of 
the resulting hybrid particles have been studied. The assembly of a second type of metal 
nanoparticles onto the hybrid particles is also attempted, aiming at exploring a novel synthesis 
of multifunctional materials. 
2.1.2 Selective swelling induced porous block copolymer nanoparticles  
2.1.2.1 Mechanistic understanding of the pore formation process 
The selective swelling-induced pore generation process can be described as three steps: 
(1) Uptake of the selective solvent 
(2) Swelling of the minor block  
(3) Drying by solvent evaporation 
We take PS-P2VP as an example. Upon immersion of the block copolymer in ethanol, which 
is a solvent selective for the PVP phases, ethanol diffuses into the film and is preferentially 
enriched in the PVP microdomains because of the much stronger affinity of ethanol toward 
PVP than toward PS. The PVP microdomains are consequently swollen and expanded, 
leading to the progressive accumulation of osmotic pressure. It was found that the glass 
transition temperature (Tg) of PS homopolymers was decreased from 100 °C in the dried state 
to 82 °C when immersed in ethanol,86 revealing the moderate plasticization/swelling effect of 
ethanol toward PS. Considering that the swelling process is performed at elevated 
temperatures (typically at 60-75 °C) that are slightly lower than the Tg of PS in ethanol, 
plastic deformation of the PS matrix will occur, driven by the accumulated osmotic pressure  
in the PVP microdomains. Upon drying, the swelling PVP chains collapse with the 
evaporation of ethanol. However, the spaces initially occupied by the expanding PVP 
microdomains are fixed because the PS matrix accommodating these spaces loses its mobility 
in the absence of ethanol and a driving force for recovery. Consequently, pores are created in 




 Figure 2.1.2.1.1 Schematic mechanism of the pore formation process. The model polymer is PS-P2VP, the 
selective solvent is ethanol. 
these spaces with the collapsed PVP chains lying along the pore wall (Figure 2.1.2.1.1). 
Under stronger swelling conditions, the PVP microdomains are highly swollen. Consequently, 
the adjacent PVP domains contact and then merge to form a continuous phase of swelling 
PVP chains, correspondingly resulting in an interconnected porosity in the subsequent drying 
process. Experiments show that the drying step does not noticeably influence the pore sizes.87 
This is because for a given BCP film the pore size is determined by the amount of the 
swelling solvent taken up by the PVP microdomains. Once the solvent is completely 
evaporated, the pores will be fixed to the same size regardless of how fast the polymer is dried.  
Both block copolymer compositions and swelling conditions, including swelling agents, 
temperature and duration, influence the swelling behaviors and consequently the 
morphologies of the obtained porous materials. According to the phase diagram,88 for PS-PVP 
with PS as the majority block, the PVP phases in the morphology of spheres,89 cylinders, 14 
and gyroids91 are suitable to be converted into the nanoporous structures through this swelling 
mechanism. Therefore, block copolymers with volume fractions (f) of the minority in the 5% - 
38% range can be converted to porous structures, while those with f > 38% may be directly 
dissolved in the selective solvent. 
2.1.2.2 Interaction between selective solvents and block copolymers 
The morphology of the swollen materials is affected by several factors including the volume 
fraction of the swollen block, the chemical properties of solvents, and the corresponding 





roughly estimated by analyzing the difference between the solubility parameter (δ) of each 
component. The solubility parameter can be calculated from the sum of the squares of the 
Hansen dispersive (d), polar (p), and H-bond (H) components: 
𝛿𝛿 = �(𝛿𝛿𝑑𝑑)2 + (𝛿𝛿𝑝𝑝)2 + (𝛿𝛿𝐻𝐻)2     (3) 
When the solubility parameters of the polymer and the solvent are similar, dissolution of 
polymer is optimal. As these values diverge, the polymer coils in diluted solutions contract.92, 
93 For block copolymers, the solubility of each block in the selective solvent will determine 
which block is preferentially swollen.  
As discussed above, we take PS-P2VP as the model block copolymer. Table 2.1.2.2.1 lists the 
dispersive (δd), polar (δp) and H-bond (δH) contributions of the single solvent ethanol and two 
blocks of PS-P2VP. The interaction between the blocks and the solvent can be indicated from 
the calculated value of (𝛿𝛿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠 −  𝛿𝛿𝜂𝜂𝑠𝑠𝑠𝑠𝑏𝑏𝑏𝑏)2 . Relatively larger value indicates poorer 
interactions. If a solvent mixture is applied, the solubility parameter as well as the porous 
morphology can be tuned by changing the solvent composition. As shown in table 2.1.2.2.1, 
compared with PS, P2VP block is more polar and easy forming H-bond with ethanol. 
Differences in the solubility parameters are much larger between PS and ethanol than they are 
between P2VP and ethanol. Experiment results also demonstrate that the PS block almost has 
no contact with ethanol.87 
Table 2.1.2.2.1 Hansen solubility parameter a contributions for the solvent and copolymer blocks, and the 
interactions between solvent and different blocks. 
compound δd (MPa1/2) δp (MPa1/2) δH (MPa
1/2
) δ (MPa1/2) 
Polystyrene 18.6 1.0 4.1 19.0 
Poly(2-vinylpyridine) 19.0 8.8 5.9 21.8 
ethanol 15.8 8.8 19.4 26.5 
(δethanol- δPS)2 7.8 60.8 234.1 56.3 
(δethanol- δP2VP)2 10.2 0 182.3 22.1 
a C. M. Hansen, Hansen solubility parameters: a user’s handbook, CRC Press, 1999. 




Porous polymers have been extensively studied with increasing interests, a broad range of 
applications have been reported in gas storage materials, supports for catalysts, precursors of 
nanostructured carbon materials, filtration/separation membranes, proton exchange 
membranes, packing materials in chromatography and in many other fields.1, 94 However, 
there are very few reports on the using of porous polymers as soft template for the synthesis 
of more complex nanostructures.  Porous structures produced by selective etching usually lose 
their active component of the block copolymers, resulting in big limitation in the application 
as soft template. On the contrary, the selective swelling induced porous structures preserve 
their mechanical strength and chemical heterogeneity of the block copolymers. These 
materials provide both geometric confinement and active sites for further functionalization, 
thus can be perceived as potential soft templates for the synthesis of more complex structures.  
Therefore, this thesis will study the templating effect of porous PS-P2VP particles on the 
synthesis of polydopamine@gold nanoreactors and Ti4O7 particles with interconnected porous 
structure. 
2.2 Morphology study of the polymer-based nanoparticles by electron 
tomography  
Deeper research on the polymer-based materials requires specific powerful tools to 
characterize their properties and complex morphologies. Microphase-separated structures and 
mesoporous structures are becoming increasingly complicated with advances in precision 
synthesis. Characterization of such complex morphologies becomes more problematic. 
Figure 2.2.1 Reconstructed 3D images of the PAMAM dendrimer in a PEG network (a),95 and 3D structure of a 
herpes virus (b, c),96 including the layers that make up its shell: as its innermost layer, the capsid (light blue) - a 
protein shell with icosahedral symmetry - encloses the viral DNA. This layer is surrounded by the so-called 
tegument (orange), which is enclosed by the envelope (dark blue). Within the envelope, the tegument, a network 





Micrographs taken by conventional microscopy, e.g., TEM, are often inconclusive. This 
makes the interpretation of the accompanying scattering data quite difficult. The conventional 
microscopes take two-dimensional (2D) (transmitted or surface) images of three-dimensional 
(3D) objects. The more complicated the morphologies, the less convincing the 2D images 
become. It is quite natural to develop new microscopes capable of obtaining 3D images. 
The development of electron tomographic (ET) method provides a way to determine the 3D 
architecture.97, 98 Current studies have shown its powerful capability of revealing complex 
structures such as cells and porous polymer materials (Figure 2.2.1). There is also 
considerable excitement about the prospect of applying ET method, especially for the analysis 
of dynamic macromolecular assemblies that are not easily studied by methods such as 
Scanning electron microscopy (SEM), Transmission electron microscopy (TEM), X-ray 
crystallography, and NMR spectroscopy.99 In this thesis, ET is applied to investigate the 3D 
structure of the synthesized porous polydopamine@gold nanoreactors. 
2.2.1 Electron tomography process: data acquisition 
Electron tomography (ET) is a method for generating 3D images on the basis of multiple 2D 
projection images of a 3D object, obtained over a wide range of viewing directions (Figure 
2.2.1.1).100 The 3D image is generated in a computer by back-projecting each 2D image with 
appropriate weighting. 
 
Figure 2.2.1.1 Schematic of a tomographic reconstruction in recipical space: (1) acquisition of projecion images; 
(2) Fourier transorm; (3) combination of Fourier transform at different tilt-angles, and (4) inverse Fourier 
transform (IFT) to reconstruction original shape.100 




Figure 2.2.1.2 Single-tilt axis data acquisition geometry. The specimen is imaged in the microscope by tilting it 
over a range of typically ± 60 or 70 degrees in small tilt increments. As a result, a set of projection images (tilt 
series) needed for tomographic reconstruction is collected.102  
The principle of ET is the 3D reconstruction of a specimen from a series of projection images 
taken with a transmission electron microscope. In ET, a single individual sample is introduced 
in the electron microscope and a series of images (called tilt series) are recorded by tilting the 
sample around a single-tilt axis at different angles, typically over a tilt range of ± 60 or 70 
degrees and at small increments of 1-2 degrees (Figure 2.2.1.2). Typical ET data sets then 
range from 60 to 280 images. Due to the resolution requirements, the image size typically is 
2048 x 2048, 4096 x 4096, or even 8192 x 8192 pixels. 
Computer-automated data collection has been crucial for the advent of ET as a structural 
technique in cellular biology.101 It allows automated tracking, focusing and recording of 
images under low electron-dose conditions by dividing the maximum tolerable dose over the 
total number of images. This preserves the specimen from radiation damage. But, as a 
consequence, the images exhibit a poor signal-to-noise ratio (SNR) around 0.1. During 
acquisition, the imperfections of the mechanical tilt system and the electron optics produce 
shifts in the images. The larger component of these shifts is compensated by the automated 
tracking procedure. However, a more accurate alignment of the images is needed afterwards 
by computational procedures. 
2.2.2 Electron tomography process: tomographic reconstruction 
The mathematical principles of tomographic reconstruction are based upon the central section 
theorem, which states that the Fourier transform (FT) of a 2D projection of a 3D object is a 
central section of the 3D FT of the object. 102 Therefore, the 3D FT of the specimen can be 
computed by assembling the 2D FTs of the images in the tilt series, which yields the 3D 





The standard method for tomographic reconstruction is Weighted Backprojection (WBP), 
which essentially is equivalent to the Fourier approach just described but working in real 
space.102 WBP assumes that the projection images represent the amount of mass density 
encountered by imaging rays. The method simply distributes the known specimen mass 
present in projection images evenly over computed backprojection rays. This way, the 
specimen mass is projected back into a reconstruction volume (backprojected, Figure 
2.2.2.1a). When this process is repeated for all the projection images in the tilt series, 
backprojection rays from the different images intersect and reinforce each other at the points 
where mass is found in the original structure. Therefore, the 3D mass of the specimen is 
reconstructed from a series of 2D projection images. 
The limited tilt range in ET results in a region empty of information in the Fourier space of 
the 3D reconstruction (missing wedge, Figure 2.2.2.1b). The resolution of the reconstruction 
is thus anisotropic (direction-dependent). In real space, it produces artefacts as blurring of the 
spatial features in the beam direction, making some features appear as elongated in that 
direction (there is a significant loss of resolution in the Z-direction), features oriented 
perpendicular to the tilt axis tend to fade from view, and others are not resolved at all. A ± 
70 tilt range involves that 22% of the information is missing. The use of double-tilt axis 
acquisition geometry significantly reduces the missing information (down to 7% in the case of 
± 70 tilt range). The angular sampling, that is, the interval between successive tilt images, is 
another point affecting the resolution of the reconstruction. The more projection images, the 
better the angular sampling, and as a consequence the better the resolution.  
 
Figure 2.2.2.1 Three-dimensional reconstruction from projections. (a) shows that in the backprojection, the 
images in the tilt-series are projected back into the volume to be reconstructed. (b) shows the missing wedge 
results from the limited tilt range.102 




Although electron tomography has been applied in materials science since the late 1980s, its 
popularity has still been limited in the characterization of polymer materials. The limiting 
factors are beam damage, low resolution and the difficulties in image processing and 
reconstruction.103 The last two factors are strongly dependent on the quality of the samples, 
but the beam damage is the limiting factor for most of the polymer materials. Therefore only 
the polymers which are stable enough under the electron beam processing are possible for ET. 
In addition, because electrons interact strongly with samples, the resolution is limited by the 
density and the thickness of the samples. Usually samples should be less than ~500 nm thick 
to achieve high resolution. Further more, many hybrid materials which have similar contrasts 
between the different components are not favorable for ET. For this reason, most hybrid 
samples of this kind have to be selectively stained with heavy metal or other crosslinkers. 
This usually becomes an obstacle to reveal the initial structures.  
In this thesis, we utilize electron tomography method to study the inner structure of the 
polydopamine@gold nanoreactors. The chemically and physically stable properties of 
polydopamine allow the utilization of this method. Moreover, the low resolution, which is 
usually caused by the big size ( hundreds of nanometers) of the dense samples, can be avoided 
because of the highly porous structure as well as the different contrasts between 
polydopamine and gold. For these reasons, the study on the inner structure of the 
polydopamine@gold nanoreactors is highly valued. 
2.3 Kinetic study of the reduction of 4-nitrophenol using metal 
nanoparticles as catalyst 
The assemblies of metal nanoparticles with block copolymer (BCP) matrices are considered 
as novel functional hybrid materials with applications in catalysis, sensors, optics and 
electronic devices.104-107 The presence of well-ordered, high-content nanoparticles within BCP 
matrices may offer the composite materials with enhanced collective properties.108 One of the 
most important applications of noble metal nanoparticles such as silver, gold, palladium, and 
platinum nanoparticles, is using them as highly effective catalysts.109 To determine the 
catalytic activity of different metal nanoparticles as well as the influence of the carrier system 
on the catalytic reactions, a model reaction is necessary. This model reaction should proceed 
without side reactions in the presence of nanoparticles and should not take place without the 
catalyst.110 The reaction should be easy to monitor in order to obtain a complete kinetic 





the particles keep their initial structure. It is crucial that no degradation or transformation of 
the nanoparticles occurs within the measured environment. Such a model reaction allows the 
direct comparison of the catalytic activity of various metallic nanoparticles and a wide range 
of different carrier systems.  
2.3.1 Catalytic reduction of 4-nitrophenol as model reaction  
Previous research demonstrates that the reduction of 4-nitrophenol by sodium borohydride in 
the presence of metal nanoparticles can meet all the requirements discussed above as a model 
reaction (Figure 2.3.1.1).111-115 This reaction is easily followed by UV-vis  spectroscopy due 
to the fact that 4-nitrophenol shows a distinctive absorption peak at 400 nm in alkaline 
solution. The product, 4-aminophenol, exhibits a weak absorption peak at around 300 nm. In 
Figure 2.3.1.1 the UV-vis  spectra of the reaction is shown. Several isosbestic points confirm 
that there are no side reactions and only one product is formed. Without the catalyst the 
reduction of 4-nitrophenol does not proceed. From the vanishing intensity of the absorption at 
400 nm, the reaction rate can be calculated by a pseudo first order reaction, if an excess of 
sodium borohydride is used.116, 117 
 
Figure 2.3.1.1 UV-vis  spectra of the reduction of 4-nitrophenol by sodium borohydride in the presence of metal 
nanoparticles. The inset shows the typical time trace of the absorption of 4-nitrophenolate ions at 400 nm.  




2.3.2 Kinetics of the model reaction 
As discussed above, 4-nitrophenol has an absorption peak at 400 nm in the UV-vis  spectrum, 
which is reduced with the time due to the conversion of 4-nitrophenol. The end product is 4-
aminophenol which has an absorption peak at 300 nm. In Figure 2.3.2.1 the reaction pathway 















Figure 2.3.2.1 Proposed mechanism of the reduction of nitrophenol by metallic nanoparticles. All intermediates 
remain adsorbed during the reaction. The reduction of nitrosophenol is fast but the subsequent reduction of 4-
hydroxyaminophenol to aniline is slow and rate-determining.118, 119 
As shown in Figure 2.3.2.1, two intermediates named 4-nitrosophenol and 4-hydroxylamine 
may be identified. The first stable intermediate is the hydroxyaminophenol. Investigations 
clearly reveal that all steps of the reduction reaction proceed on the surface, that is, only 
adsorbed molecules react.118-120 Thus, there are three compounds adsorb and desorb during the 
reaction cycle, namely 4-nitrophenol, 4-hydroxyaminophenol and aminophenol.  
The actual concentrations of 4-nitrophenol, 4-hydroxyaminophenol, and 4-aminophenol can 
be presented as cNip, cHx, and cAmp, respectively. The surface coverage θNip of 4-nitrophenol 




          (2.3.2.1) 
where KNip, KHx, and KBH4 are the Langmuir adsorption constants of the respective compounds, 
and n is the Langmuir-Freundlich exponent. In reference121, 122 n was found to be 0.6. Based 
on the assumption121, 122 that only adsorbed compounds can react, the reaction proceeds in two 
steps termed A and B: First nitrophenol is reduced to hydroxyaminophenol in step A. The 
reduction of the latter compound is done in step B. Hence, the rate of reaction of 4-
nitrophenol follows as  
−𝑑𝑑𝑏𝑏𝑁𝑁𝑁𝑁𝑁𝑁
𝑑𝑑𝑠𝑠
=  𝑘𝑘𝑎𝑎𝑝𝑝𝑝𝑝𝑐𝑐𝑁𝑁𝑁𝑁𝑝𝑝 =  𝑘𝑘𝐴𝐴𝑆𝑆𝜃𝜃𝑁𝑁𝑁𝑁𝑝𝑝𝜃𝜃𝐵𝐵𝐻𝐻4 =  
𝑑𝑑𝐶𝐶𝐻𝐻𝐻𝐻
𝑑𝑑𝑠𝑠





where S denotes the total surface of all nanoparticles in the solution. This equation follows 
directly from the fact that 𝑆𝑆𝜃𝜃𝑁𝑁𝑁𝑁𝑝𝑝 is proportional to the number of all adsorbed molecules in the 
system while 𝜃𝜃𝐵𝐵𝐻𝐻4 denotes the conditional probability to find an adsorbed surface hydrogen 
atom near to an adsorbed nitrophenol molecule. As a tacit assumption in the entire LH-
kinetics, the total number of adsorbed molecules is much smaller than the total number of 
molecules of a given species in solution, that is, adsorption on the surface of the catalyst does 
not shift the concentration in the system in a detectable way. Moreover, it is assumed that the 
equilibrium between the solution and the surface of the catalyst is established quickly.  






2 =  
𝑑𝑑𝑏𝑏𝐻𝐻𝐻𝐻
𝑑𝑑𝑠𝑠
  (2.3.2.3) 
The intermediate 4-hydroxyaminophenol thus generated is further reduced to the final product 










A brief qualitative discussion of these equations can be conducted as follows: First of all, it is 
demonstrated in references121, 122 that kA >> kB. Hence, 4-hydroxyaminophenol is formed 
rather quickly but its further reduction in step B is much slower. When its concentration rises 
quickly in the early stage of the reaction, it will more and more compete with nitrophenol for 
the surface places of the nanoparticles and thus slow down the rate of reaction.  
The full rate equation for the intermediate hydroxyaminophenol can be obtained by 







2 −  𝑘𝑘𝐵𝐵𝑆𝑆
𝐾𝐾𝐻𝐻𝐻𝐻𝑏𝑏𝐻𝐻𝐻𝐻 𝐾𝐾𝐵𝐵𝐻𝐻4𝑏𝑏𝐵𝐵𝐻𝐻4
�1+(𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁𝑏𝑏𝑁𝑁𝑁𝑁𝑁𝑁)𝑛𝑛 + 𝐾𝐾𝐻𝐻𝐻𝐻𝑏𝑏𝐻𝐻𝐻𝐻+𝐾𝐾𝐵𝐵𝐻𝐻4𝑏𝑏𝐵𝐵𝐻𝐻4�
2   
(2.3.2.5)                                                   
This procedure leads to the concentration of nitrophenol cNip as a function of time that can be 
directly compared with the experimental data.  
This analysis has been successfully applied to the reduction of 4-nitrophenol in different 
catalytic systems, including spherical polyelectrolyte brushes (SPB) stabilized Au, Pd 
nanoparticles112 and Au/Pd nanoalloys,113 as well as the ligand free Au nanoparticles.114 




However, the full kinetics has not been studied with the reaction catalyzed in complex 
nanoreactors. The influence of the complicated structures on the reaction is of great interest. 
This thesis will for the first time study the kinetics of the reduction of 4-nitrophenol catalyzed 
in the polydopamine@gold nanoreactors with interconnected pore structure. The data 
obtained can be compared to the reported systems as mentioned. 
2.4 Metal oxide particles as cathode materials for lithium-sulfur (Li-S) 
batteries 
Metal oxide nanoparticles play a very important role in materials science. 123 They can adopt a 
number of structural geometries with an electronic structure, which can exhibit metallic, 
semiconductor or insulator character.124 Using block copolymer as soft template to direct the 
synthesis of metal oxide materials is a major strategy for many researchers. For example, 
Wiesner et al.125 have demonstrated a versatile approach using the soft template method to 
structure-direct transition metal oxides nanostructures. So far, they have synthesized different 
energy materials, including fuel cell electrodes, titanium dioxide electrodes for dye-sensitized 
solar cells, and titanium dioxide/carbon composite anode materials for lithium batteries.126, 127 
For energy applications, high interfacial surface areas with controllable mesoscale pore size 
distributions are desirable in almost every energy conversion and storage device. Metal oxide 
nanoparticles with special porous structures are attracting growing interests. Using them as 
cathode host materials for lithium-sulfur battery is one of the most promising applications. 
Compared with commonly used porous carbon materials, which suffer significant decay upon 
long term cycling due to the weak interaction between (poly)sulfides and carbon,128 metal 
oxide particles such as TiOx, SiO2 or MoOx with an internal void space were reported to 
exhibit prolonged cycling life owing to better sulfur confinement.129-131  
2.4.1 Principles of the Lithium-Sulfur (Li-S) batteries 
Sulfur is a promising positive electrode material for lithium batteries due to its high 
theoretical specific capacity of approximately 1675 mA h g−1. The Gibbs energy of the Li/S 
reaction is ~2600 Whkg−1, which is five times higher than the theoretical energy of a Li-ion 
system.132, 133 Moreover, elemental sulfur possesses advantages such as natural abundance, 
low cost, excellent safety due to its intrinsic protection mechanism from overcharge, and its 
non-toxicity.134-136 Thus, Li-S batteries have been considered as a promising candidate for 






Figure 2.4.1.1 Schematic diagram of a Li−S cell with its charge/discharge operations. 137 
A Li−S cell is an electrochemical storage device through which electrical energy can be 
stored in sulfur electrodes. Scheme 2.4.1.1 illustrates the components of a single Li−S cell and 
its operation (charge and discharge). A conventional Li−S cell consists of a lithium metal 
anode, an organic electrolyte, and a sulfur composite cathode. During the discharge reaction, 
lithium metal is oxidized at the negative electrode to produce lithium ions and electrons. The 
lithium ions produced move to the positive electrode through the electrolyte internally while 
the electrons travel to the positive electrode through the external electrical circuit, and thereby 
an electrical current is generated. Sulfur is reduced to produce lithium sulfide by accepting the 
lithium ions and electrons at the positive electrode.  
Reduction of sulfur in a Li-S battery is a multistep electrochemical process that can be 
composed of different intermediate species. In general, lithium metal reacts with sulfur (S8) to 
produce lithium polysulphides with a formula of Li2Sn. Long chain polysulphides are 
produced first, such as Li2S8 and Li2S6, which are shortened during further reduction of sulfur. 
The final product of discharge is lithium sulfide (Li2S) and the overall reaction is given by Eq. 
2.4.1.1.138 
16 Li + S8 → 8Li2S   (2.4.1.1) 
In this process, sulfur accepts electrons from an open-circuit voltage (OCV) to 2.1 V, forming 
lithium polysulphide and then lithium polysulphide is reduced. From the viewpoint of phase 
transitions, the discharge can be divided into four stages, as follows: 
I: Reaction of elemental sulfur with Li is given by: 
S8 + 2Li+ + 2e− → Li2S8   (2.4.1.2) 




II: A reaction between dissolved Li2S8 and lithium is described as: 
Li2S8 + 2Li+ + 2e− → 2Li2S4   (2.4.1.3) 
III: A transition from the dissolved Li2S4 to insoluble Li2S2 or Li2S by the coexistence of Eqs. 
(2.4.1.4) and (2.4.1.5): 
Li2S4 + 2Li+ + 2e− → 2Li2S2   (2.4.1.4) 
Li2S4 + 6Li+ + 6e− → 4Li2S   (2.4.1.5) 
IV: An equilibrium reaction of insoluble Li2S2 and Li2S is described as: 
Li2S2 + 2Li+ + 2e− → 2Li2S   (2.4.1.6) 
The theoretical capacities of lithium and sulfur are 3.861 and 1.672 Ahg−1, respectively, 
which leads to a theoretical cell capacity of 1.167 Ahg−1. The discharge reaction has an 
average cell voltage of 2.15 V. Hence, the theoretical gravimetric energy density for a Li−S 
cell is 2.51 Whg−1.140-144 
Eq. (2.4.1.3) is the most complicated reaction in the four stages. It is affected by both the 
solubility of the polysulphides and the chemical equilibrium in the electrolyte. Therefore, this 
reaction is affected strongly by the type of electrolyte solvents. The outcome of stage III 
depends on the competition of Eqs. (2.4.1.4) and (2.4.1.5). The final discharge products are 
mainly a mixture of Li2S2 and Li2S. Eq. (2.4.1.5) shows the predominant reaction, the Li-S 
 Figure 2.4.1.2 Voltage profiles of a Li−S cell. Different stages of the reaction are illustrated corresponding to 





cell has high capacity with slightly lower discharge voltages. Stage IV is kinetically slow and 
suffers from high polarization because of the non-conductive nature of Li2S2 and Li2S. Figure 
2.4.1.2 shows the voltage profile of the discharge of a Li-S cell.139 
2.4.2 Technical challenges 
The Li−S technology is facing challenges both in materials and in the system. First of all, the 
high resistance of sulfur (∼10−30 Scm−1) and the intermediate products (lithium polysulfides 
Li2Sx) formed during cycling along with their structural and morphological changes are 
formidable challenges, resulting in unstable electrochemical contact within sulfur electrodes. 
In addition, the dissolved polysulfides shuttle between the anode and cathode during cycling, 
reacting with both the lithium metal anode and the sulfur cathode.145Moreover, the 
electrochemical conversion of sulfur to lithium sulfide involves structural and morphological 
changes as well as repetitive dissolution and deposition of reactive species, which tend to 
passivate both the electrodes, leading to a significant increase in impedance. These issues 
result in a low utilization of the active material, poor cycle life, and low system efficiency.  
As a result, the following issues need to be overcome to make Li−S batteries feasible:  
(1) Capacity fading due to degradation of cell components in the harsh environment of the Li-
S cell containing organic electrolytes, lithium metal anodes and reactive intermediates.146, 147 
(2) The shuttle phenomenon where long-chain polysulfides diffuse to the anode and react to 
form shorter polysulfides, which diffuse back to the cathode (Figure 2.4.2.1). This polysulfide 
shuttle corrodes the lithium anode and contributes to self-discharge and low coulombic 
efficiency.148, 149 
(3) Limited solubility of active species leads to variable internal resistance and increased 
parasitic mass in cell construction from binders. Both sulfur and its reduction product, lithium 
sulfide, are insulating and insoluble, resulting in chemical precipitation and dissolution 
towards the end of both charge (sulfur) and discharge (lithium sulfide) depending on voltage 
(Figure 2.4.2.1).  During cycling this results in the losing of active material.150 




Figure 2.4.2.1 Summary of the effects of polysulfide dissolution, shuttle phenomenon, effect on the cathode, 
insoluble products upon charge and discharge.148 
Extensive attempts have been made to address the challenges highlighted in (1-3), including 
designing novel cathode architectures, use of solid-state electrolyte or polymer electrolyte to 
suppress polysulfide diffusion/migration, and the optimization of organic electrolytes.151-155 
The major efforts have been focused on the development of advanced sulfur cathodes 
including mesoporous carbon-sulfur composites, graphene-sulfur composites, conductive 
polymer-sulfur composites, metal sulfides-sulfur composites, and metal oxides-sulfur 
composites.156-162  
Carbonaceous materials are the most widely used cathode materials. They are believed to 
confine sulfur and polysulfides within the pores or layers by physical interactions.161 Although 
these carbon/sulfur composite cathodes exhibit high specific capacities during the initial 
cycles, they usually decay rapidly in the subsequent cycles. This problem is often attributed to 
the dissolution of the reaction intermediate polysulfides in the organic electrolyte. In fact, the 
weak physical adsorptions provided by the nonpolar carbon substrates could not efficiently 
suppress the dissolution of polar polysulfides during the whole charge-discharge cycling 
process.73 
In contrast, it has been discovered that some metal oxides/sulfides with polar surfaces can 
form strong chemical bonds with the lithium polysulfide species. Metal oxides such as TiO2, 
SiO2, Al2O3 have been utilized as both adsorbents and coatings to hinder the diffusion of 





Figure 2.4.2.2 Diagram illustrating surface-mediated reduction of Li2S from lithium polysulfides on Ti4O7. 73 (a) 
In reduction of S8 on a carbon host, lithium polysulfides desorb from the surface and undergo solution-mediated 
reactions leading to broadly distributed precipitation of Li2S. (b) In reduction of S8 on the metallic polar Ti4O7, 
LiPSs adsorb on the surface and are reduced to Li2S via surface-mediated reduction at the interface. 
and ultimately impede electron transport pathways, thus leading to low sulfur utilization and 
rate capability.  
A practical way is to explore multifunctional sulfur host material that could combine the 
inherent metallic conductivity with the ability to chemically bind polysulfides. According to 
Nazar’s pioneer work,73, 167 a Magnéli phase titanium sub-oxides (Ti4O7) is demonstrated to 
fulfill this need. Ti4O7 is a member of the TinO2n-1 Magnéli phases, substoichiometric 
compositions of metallic titanium oxides that form a homologous series between the end 
members TiO2 and Ti2O3.168 Ti4O7 has been utilized as a Pt catalyst support for fuel cells 
because of its high electrical conductivity (>103 S cm-1 at room temperature).169, 170 Besides, 
Ti4O7 contains polar O-Ti-O units that have a high affinity for polysulfides, which is essential 
for retarding the dissolution of polysulfide.73 Compared with typical carbon supports (Figure 
2.4.2.2a), which do not adsorb the hydrophilic polysulphide intermediates or adhere well to 
Li2S, the strong surface interactions play a larger role in inhibiting sulphide dissolution and 
deposition, rather than confinement that relies on physical barriers (Figure 2.4.2.2b). This will 
be particularly important for catholyte cells that will benefit from spatially controlled 
precipitation of sulphides and lowered charge potentials on charge.  
Generally, Ti4O7 has been synthesized by thermal reduction of TiO2 at about 1000 ˚C with 
inert gas and carbon.171 This method in turn causes random growth of the particles, making it 
difficult to obtain complex nanostructures with high surface area. However, considering the 
high volume ratio of sulfur and polysulfides in the electrolyte, the commonly used anchoring 
powder would not be able to provide sufficient interfaces to fix all sulfide species. Addressing 
this limitation is a key point to obtain better electrochemical performance. The use of block 




copolymer particles as template opens a new path for the synthesis of porous metal oxide 
particles with high surface area as well as complex inner structures. Owing to the ability of 
coordinating with different precursors of metal and metal oxides, the porous PS-P2VP 
particles are considered to be promising template for the synthesis of porous Ti4O7 particles. 
Reports of this kind have not been found yet. 
In this thesis, I make efforts on exploring highly porous Ti4O7 nanoparticles as sulfur host 
materials. As discussed in chapter 1.3.2, the swelling induced porous block copolymer 
particles can be used as soft templates to direct the deposition of Ti4O7 precursors. Porous 
Ti4O7 particles with interconnected pores are expected to be generated by this approach, 





3. Assembly of Palladium (Pd) and Dodecanethiol-gold (DT-Au) 
nanoparticles onto Poly(styrene-b-2-vinylpyridine) (PS-P2VP) 
nanospheres with ordered spatial distribution 
The assemblies of metal nanoparticles with block copolymer (BCP) matrices have been 
intensively studied due to their potential applications in catalysis, sensors, optics and 
electronic devices.172-177 The presence of well-ordered, high-content nanoparticles within BCP 
matrices offers the hybrid materials with enhanced collective properties, which do not present 
in their individual state.178 For example, the assembly of plasmonic nanoparticles into 
secondary structures may create “hot spots” for surface-enhanced Raman scattering (SERS) 
due to the plasmon coupling between adjacent particles.179 Different strategies have been 
developed for target-loading of metal nanoparticles into BCP nanostructures, including 
solution precipitation,180-182 interfacial instabilities of emulsion droplets,183 heating-cooling 
processing,184 and directed supramolecular assembly.185 However, most works of this sort have 
been reported on the assembly of one type of metal nanoparticles.186-188 This is due to the 
limitation that few of block copolymers exhibit selective preferences to different metal 
nanoparticles.181, 182 No report has been found on the assembly of two or more different types 
of metal nanoparticles to BCP particles with ordered spatial distribution. In addition to the 
types of metal nanoparticles, it is of great importance to control the loading efficiency of 
metal nanoparticles for practical device applications. Usually the interaction between the 
high-content metal nanoparticles and their favorable block of the BCP will increase its 
effective volume, resulting in breaking of the microphase separation structure.  
In this chapter, a novel strategy based on the Rayleigh instability of polymer nanotubes 
confined in anodic aluminum oxide (AAO) nanopores has been applied to assemble two 
different types of metal nanoparticles onto block copolymer nanospheres with ordered 
distribution.48 AAO with high density arrays of parallel nanopores has been widely used as 
template for the fabrication of one-dimensional (1D) nanostructures, such as nanotubes and 
nanorods.189, 190 Rayleigh instability is used to describe the undulating phenomenon of liquid 
cylinders due to surface tension.75 The Rayleigh instability of polymer melt inside AAO pores 
can generate short polymer rods, which can be applied as building blocks for the synthesis of 
block copolymer nanospheres with ordered nanostructure. When the mixture such as metal 
nanoparticles@polymer is injected into the AAO pores, short hybrid rods will be obtained due 
to the Rayleigh instability. Swelling of these short rods will result in hybrid nanospheres, 




which can be used as spherical templates for the assembly of another type of metal 
nanoparticles.  
In this part, I will demonstrate the assembly of two types of metal nanoparticles onto BCP 
nanoshperes with ordered distribution. The synthesis procedure of Pd@PS-P2VP@DT-Au 
nanospheres is illustrated in Scheme 3.1. Pre-synthesized Dodecanethiol-gold (DT-Au) 
nanoparticles191 are first mixed with PS-P2VP and injected into the AAO nanopores to 
fabricate metal-polymer hybrid nanotubes (scheme 3.1, step 1). After drying, a thermal 
annealing induced Rayleigh Instability is applied to generate hybrid nanorods (scheme 3.1, 
step 2). These nanorods are released from the AAO membranes by dissolving in NaOH 
aqueous solution (scheme 3.1, step 3), and then cut into small segments through 
ultrasonication (scheme 3.1, step 4), followed by a swelling process to transform the short 
nanorods to nanospheres (scheme 3.1, step 5, 6). The P2VP domains of the nanospheres have 
the ability to form complexes with various metal ions. In the present study, PdCl42- ions are 
anchored in the P2VP domains and reduced to Pd nanoparticles (scheme 3.1, step 7).192-194 
 
Scheme 3.1 Procedure for the preparation of Pd@PS-P2VP@DT-Au particles based on Rayleigh Instability 
phenomenon of hybrid nanotubes in AAO capillary channels. (1) Wetting of AAO channels with PS-P2VP@DT-
Au mixed solution. The molecular weight of the polymer is: Mn (PS) = 50000 g/mol; Mn (P2VP) = 16500 g/mol; 
Mn/Mn = 1.06. (2) Rayleigh instability inside AAO channels accompanied with phase separation of PS-
P2VP@DT-Au. (3) Dissolving of AAO template by NaOH aqueous solution. (4) Cutting the nanorods into short 
segments through ultrasonication. (5) Swelling by toluene in aqueous emulsion. (6) Evaporation of toluene. (7) 
Surface decoration of the core-shell particles with Pd nanoparticles.  




3.1 Synthesis of DT-Au nanoparticles 
In this work, Dodecanethiol modified gold (DT-Au) nanoparticles have been used for the 
assembly. Dodecanethiol has a hydrophobic alkyl chain and a -SH group (Figure 3.1.1), 
which makes it soluble in organic solvents and easy to be anchored to metal surface. The DT-
Au nanoparticles with an average diameter of 4.1 nm are synthesized by a two-phase reaction 
procedure.191 Figure 3.1.1shows the TEM image (Figure 3.1.1a) and the ultraviolet-visible 
(UV-vis) spectrum (Figure 3.1.1b) of the obtained DT-Au nanoparticles. The UV-vis   
spectrum shows a slight surface plasmon absorption at 497 nm, indicating the formation of 
quite small particles.191 They have a mean diameter of 4.1 nm with a narrow size distribution 
(Figure 3.1.1c) according to the TEM image. In addition, no aggregation is found in the TEM 
image, indicating the protection of DT ligands at the surface of the Au nanoparticles, which 
prevents the growing of adjacent nanoparticles. The small size of the DT-Au nanoparticles is 
crucial for the injection of the mixture with PS-P2VP into the AAO channels. Because the 
mean diameter of the AAO pores is 200 nm, the pores can be easily blocked by bigger 
particles and their polymeric mixture. 
 
Figure 3.1.1 TEM image (a), UV-vis absorption spectrum (b), and size distribution of the DT-Au nanoparticles 
(c). 




3.2 Synthesis of PS-P2VP@DT-Au core-shell particles 
Figure 3.2.1 illustrates the morphological evolution of the hybrid structures from PS-
P2VP@DT-Au nanotubes to core-shell particles. Figure 3.2.1a is the TEM image of the PS-
P2VP@DT-Au hybrid nanotube after removal of the AAO membrane. Two different contrasts 
can be observed between the outer and inner layer of the nanotube. The outer layer with low 
contrast is PS-P2VP due to the preferential interaction between the P2VP component and the 
hydrophilic AAO surface. The inner layer with high contrast is the DT-Au aggregation, which 
contains hydrophobic alky chains on the surface of Au nanoparticles. The hydrophobic DT-
Au particles have poor interactions with the hydrophilic surface of the AAO wall, resulting in 
the phase separation to keep lower interfacial energy. The hybrid nanotubes confined in AAO 
channels are then thermally annealed above the glass transition temperature (Tg) of PS-P2VP 
to induce the Rayleigh instability. As shown in Figure 3.2.1b, nanorod structure with 
periodical encapsulated holes has been formed after thermal annealing, which is resulted from 
the undulation of the polymer tubes inside the AAO channels.  
 
Figure 3.2.1 Morphological evolution of the core-shell PS-P2VP@DT-Au particles from PS-P2VP@DT-Au 
hybrid nanotubes. (a) TEM images of PS-P2VP@DT-Au hybrid nanotubes after removal of the AAO membrane. 
(b) PS-P2VP@DT-Au nanorods with periodical encapsulated holes. (c) PS-P2VP@DT-Au nanoblocks obtained 
from ultrasonication of (b). (d) core-shell PS-P2VP@DT-Au particles after swelling of (c). The dark part is the 
aggregation of the DT-Au nanoparticles. 
 




During the undulation of the tubes, the DT-Au nanoparticles tend to segregate to the trough 
and form periodic aggregations. This change of location caused by phase separation upon 
thermal annealing is led by the incompatibility of the PS-P2VP melt with the DT-Au 
nanoparticles. DT (C12SH) is a short ligand compared with the PS50000P2VP16500 matrix. 
Densely packed C12SH ligands can be considered to form a relatively hard organic shell 
around the Au nanoparticles. These hard-spheres of DT-Au particles have unfavorable 
interaction with the PS-P2VP chains. Thus, the Au nanoparticles tend to be segregate to the 
trough, leading to the phase separation.  
Figure 3.2.1c shows the broken segments of PS-P2VP@DT-Au, which are obtained from 
ultrasonication of the nanorods for 30 min. Here SDS (1 mg/ml) is added to form a stable 
aqueous dispersion. From the TEM images, PS-P2VP nanoblocks with DT-Au nanoparticles 
loaded at both ends (dark region) can be clearly observed. These blocks with a certain amount 
of DT-Au particles undergo a morphology evolution from anisotropic structure to isotropic 
core-shell spheres after being swollen by toluene, as shown in Figure 3.2.1d. During this 
swollen procedure, small amount of toluene is added into water under sonication and an oil-
water emulsion is formed with SDS as surfactant. The hydrophobic DT-Au nanoparticles tend 
to be encapsulated by PS-P2VP due to the relatively stronger interactions between the P2VP 
blocks and water (the solubility parameters of P2VP, n-Dodecane and H2O are 21.7 MPa1/2,195 
16.0 MPa1/2 and 48.0 MPa1/2,196 respectively). As discussed in chapter 2.1.2, the interaction 
between the blocks and the solvent can be indicated from the calculated value of (𝛿𝛿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠 −
 𝛿𝛿𝜂𝜂𝑠𝑠𝑠𝑠𝑏𝑏𝑏𝑏)2. Relatively smaller value indicates stronger interactions. 
This adjustment driven by the lowering of interfacial energy results in the core-shell structure 
with the aggregation of DT-Au nanoparticles as the core (Figure 3.2.1d) and the PS-P2VP 
layer as the shell. The final evaporation of toluene solidifies the core-shell structure of the PS-
P2VP@DT-Au particles in aqueous solution.  
Moreover, the size of the DT-Au nanoparticles before and after the morphology evolution has 
been studied. Miyake et al.191 reported that DT protected Au nanoparticles underwent a size 
growing induced by thermal annealing. They showed that annealing at 150 °C for 30 min led 
Au nanoparticles grow from 1.5 nm to 3.4 nm in diameter. In our experiment, almost no 
change has been observed for the Au particle size before and after the annealing. As shown in 
Figure 3.2.2b, separated DT-Au particles can be clearly distinguished in the thermal annealed 
aggregation. This is because that the aggregated DT-Au nanoparticles are encapsulated in the




Figure 3.2.2 DT-Au nanoparticles before (a) and after (b) the thermal annealing at 140 ℃ for 2 h. Inset: DT-Au 
nanoparticles trapped in PS-P2VP nanorods. 
polymer phase and protected by the dodecanethiol groups, which effectively stabilize the Au 
nanoparticles and prevent the growing of the particles.  
3.3 Tunable loading of different amounts of DT-Au nanoparticles  
Until now, different methods have succeeded in loading metal nanoparticles to polymer 
nanostructures.6, 45 However, it is still critical to control both the distribution and the loading 
content of the metal nanoparticles within the target polymer domains. In our study, the effect 
of DT-Au content on the morphology of the hybrid particles has been investigated. Different 
amount of DT-Au nanoparticles has been applied by keeping the BCP concentration constant. 
Figure 3.3.1 displays the morphologies of the particles prepared with different amounts of 
DT-Au keeping the PS-P2VP amount constant (60 mg/ml). When 5 mg/ml of the DT-Au is 
mixed with the PS-P2VP, a thin layer of DT-Au nanoparticles can be found at the holes of the 
rod-like segments (Figure 3.3.1a). With the increase of the DT-Au content, larger 
aggregations of the DT-Au nanoparticles can be found at the holes of the rod-like structures. 
When the DT-Au content increases from 5 mg/ml to 20, 30 and 40 mg/ml, the corresponding 
radius of the DT-Au cores in the final spheres increases from 41 nm to 65, 115 and 180 nm, 
respectively (Figure 3.3.1 i-l). As shown in Figure 3.3.1l, when 40 mg/ml of the DT-Au 
nanoparticles is used, the DT-Au nanoparticles occupy most space of the polymer spheres and 
a very thin layer of polymer shell can be observed.  




Figure 3.3.1 TEM images of the PS-P2VP@DT-Au nanospheres with different DT-Au contents. (a-d) show the 
hybrid nanorods with periodic DT-Au aggregations inside, (e-h) are the images at high magnification. (i-l) show 
the final structure of the core-shell particles. The applied concentration of PS-P2VP is 60mg/ml, that of DT-Au 
nanoparticles is 5 mg/ml (a, e, i), 20 mg/ml (b, f, j), 30 mg/ml (c, g, k), and 40 mg/ml (d, h, l), respectively. Scale 
bars: (a-d, i-l) 300 nm; (e-h) 100 nm. 
To make a quantitative analysis, the core size as well as the whole particle size are measured 
based on the TEM images. Figure 3.3.2a shows the change of the core size as a function of the 
DT-Au content, from which a clearly increasing trend of the core size with increased DT-Au 
content can be observed. Meanwhile, the size of the whole composite particle rarely changed 
for all samples. This is because of the confinement of the AAO channels where the Rayleigh 
instability occurs. As discussed in chapter 2.1.1, the size of the polymer short block is 
determined by the wavelength of the instability, which is proportional to the pore diameter of 
the channel confinement. In our experiment, the pore diameter is kept constant, thus the 
whole particle size shows no evident change upon the increase of the DT-Au content. 




    
Figure 3.3.2 (a) Average radius of DT-Au cores (R1) and polymer shells (R2) for samples prepared with 
different amounts of DT-Au nanoparticles. (b) Volume fraction of the DT-Au nanoparticles. (c) TEM images of 
PS-P2VP@DT-Au particles with a volume fraction of 0.73. (d) The single Au particle can be seen clearly in the 
PS-P2VP@DT-Au core-shell spheres at high loading ratio. 
In order to directly present the loading effect, the volume fraction of the DT-Au nanoparticles 
in single hybrid nanosphere is calculated based on the core size and the whole particle size. 
For this calculation, the cores and the hybrid particles are assumed as spheres.  The volume 





)3. Figure 3.3.2b shows 
that the volume fraction increases dramatically with the increase of the DT-Au content.  A 
volume fraction of 0.73 is generated when 40 mg/ml of DT-Au is applied. It is worth noting 
that even at high loading ratio (0.73) the DT-Au nanoparticles remain keeping individual, no 
merging is found in the TEM images (Figure 3.3.2c, d).    
3.4 The influence of the polymer concentration  
The influence of the polymer concentration has been also investigated by keeping the DT-Au 
amount constant (20 mg/ml). As shown in Figure 3.4.1, an increase in the polymer 
concentration from 40 mg/ml to 60 and 90 mg/ml leads to a decrease in the core radius from 





Figure 3.4.1 TEM images of the PS-P2VP@DT-Au core-shell particles with different concentrations of polymer 
but constant concentration of DT-Au (20 mg/ml). cPS-P2VP = 40 mg/ml (a), 60 mg/ml (b) and 90 mg/ml (c), 
respectively. (d) Average radius of the DT-Au cores and the polymer shells for samples prepared with different 
concentrations of PS-P2VP.  
83 nm to 70 and 51 nm, respectively. Because the volume of the wetting solution (PS-
P2VP@DT-Au) and the quantity of the AAO membranes used in the experiment are the same, 
nanotubes with thicker walls have been produced at higher concentration of the polymers. 
During the undulation of the polymer film, smaller amplitude can lead to a bridge by the crest 
across the AAO channel. Thus, more polymer blocks can be generated, resulting in increasing 
of the total particle number after swollen in the toluene-water emulsion. In this way, the 
amount of DT-Au particles per nanosphere is reduced, exhibiting smaller core size. 
3.5 Optical properties of PS-P2VP@DT-Au particles with different core 
sizes 
With the increase of the DT-Au nanoparticles content, larger aggregations are formed in the 
core part. This process accompanies with a visible color change of the samples from gray pink 
to dark brown (Figure 3.5.1a). The surface plasmon resonance (SPR) absorption of the 
composite particles with different DT-Au core sizes is shown in Figure 3.5.1b. Compared 





Figure 3.5.1 (a) Color change of the PS-P2VP@DT-Au nanospheres with increasing core sizes. (b) UV-vis   
spectrum of the samples with constant amount of polymer but different amount of DT-Au nanoparticles. Scale 
bar in TEM images: 200 nm.  
with the DT-Au nanoparticles (4.1 nm in diameter) which have the absorption band at 497 
nm, a significant broadening and red-shift of the absorption band has been found for the PS-
P2VP@DT-Ausamples. With the increase of the DT-Au core size from 41 nm to 65, 115 and 
180 nm in radius, the surface plasmon absorption peak red shifts from 530 nm to 580, 600 and 
630 nm, respectively. This is due to the reason that the aggregation of encapsulated Au 
nanoparticles leads to a decrease in the interparticle spacing, resulting in the occurrence of 
plasmonic couplings and therefore a red shift in the SPR peak.197 Consequently, the plasmon 
absorption band is at relatively longer wavelengths for larger Au aggregate sizes with closely 
spaced nanoparticles.198    
3.6 Decoration of the PS-P2VP@DT-Au core-shell particles with Pd 
nanoparticles 
These core-shell structured PS-P2VP@DT-Au particles are good candidates for spatial 
organization of a second type of metal nanoparticles due to the ordered micropahse-separated 
structure of the polymer shell. Without staining of P2VP, no microphase structure can be seen 
in the core-shell PS-P2VP@DT-Au particles (Figure 3.6.1a). After staining with I2, the 
ordered microphase separation structure can be obviously observed (spherical, Figure 3.6.1b). 
This indicates that the introduction of DT-Au nanoparticles into polymer solution has no 
influence on the microphase separation of PS-P2VP. Because the PS-P2VP shell contains 
pyridine units, various types of metal precursors (i.e. HPt2Cl6·6H2O, AgNO3 and H2PtCl4) can be 
coordinated with them, which leads to the assembly of a second metal nanoparticles by an in- 




Figure 3.6.1 TEM images of the PS-P2VP@DT-Au particles (a, b) before (a) and after (b) staining. The darker 
dots are P2VP domains which are stained with I2 vapor. (c) Pd decorated core-shell PS-P2VP@DT-Au spheres. 
(d) UV-vis   spectrum of PS-P2VP@DT-Au and Pd@ PS-P2VP@DT-Au particles. 
situ reduction process. As shown in Figure 3.6.1c, Pd nanoparticles with diameter of 3 nm 
have been selectively distributed in the P2VP domains. The regular spaces between the 
adjacent Pd domains should be the PS phase. As a result, the DT-Au aggregations and the 
ordered Pd nanoparticles were selectively assembled at the core part and the shell part of the 
composite particles, respectively. Moreover, no shift was found in the UV-vis spectrum after 
Pd deposition (Figure 3.6.1d), indicating that further loading of Pd nanoparticles did not affect 
the characteristic absorption of the PS-P2VP@DT-Au particles. 
3.7 Reduction of 4-nitrophenol using the Pd@PS-P2VP@DT-Au particles 
as catalyst 
Pd nanoparticles are well-known as catalysts for reduction or coupling reactions. 109 In our 
study, the obtained Pd@PS-P2VP@DT-Au particles are further used as catalyst for the 
reduction of 4-nitrophenol by sodium borohydride. Figure 3.7.1 shows the UV-vis   spectrum 
and kinetic analysis of the reduction of 4-nitrophenol. When Pd@PS-P2VP@DT-Au particles 
are used as catalyst, the characteristic absorption at 400 nm reduces with time due to the 
conversion of 4-nitrophenol. Another characteristic absorption at 300 nm appears and 
increases with time due to the generation of the end product, aminophenol (Figure 3.7.1a). In 
order to test which metal particle in the Pd@PS-P2VP@DT-Au composite particles 
contributes to the catalysis, the PS-P2VP@DT-Au particles have been also used as catalyst. In 
this case, no catalytic effect is found in the experimental time range (Figure 3.7.1b), 




Figure 3.7.1 UV-vis   spectrum of the reduction of 4-nitrophenol using Pd@PS-P2VP@DT-Au (a) and PS-
P2VP@DT-Au (b) as catalyst.  
which demonstrates that the catalytic capability of the Pd@PS-P2VP@DT-Au particles arises 
only from the Pd nanoparticles. This is because that the DT-Au aggregations are encapsulated 
in the polymer shell, which blocks the diffusion of 4-nitrophenol to the metal surface. In 
addition, the DT ligands capped on the Au nanoparticles will also hinder the active site and 
weaken the catalytic activity.  
As discussed in chapter 2.3, the reduction of 4-nitrophenol follows a pseudo-first order kinetic 




𝑘𝑘𝑎𝑎𝑝𝑝𝑝𝑝𝑐𝑐𝑠𝑠 , where ct is the concentration of 4-nitrophenol at time t. Thus the apparent rate 
constant can be directly obtained from the curve of ln(A/A0) versus time by a linear fit. As 
shown in Figure 3.7.2, a linear dependence of ln(A/A0) on the reaction time can be observed 
when using Pd@PS-P2VP@DT-Au particles as the catalyst. The slope of this linear section 
leads to the apparent reaction rate (𝑘𝑘𝑎𝑎𝑝𝑝𝑝𝑝), which is 1.72×10-3 s-1.  
 
Figure 3.7.2 Kinetic analysis of the reaction with Pd@PS-P2VP@DT-Au(squares) and PS-P2VP@DT-




Au(diamonds) as catalysts.  
  
Figure 3.7. 3  (a, b) TGA results of PS-P2VP@DT-Au, Pd@PS-P2VP@DT-Au (with 17.4 wt% Pd). 
   
Figure 3.7. 4 Apparent rate constant 𝒌𝒌𝒂𝒂𝒂𝒂𝒂𝒂 as a function of the total surface area S of the Pd nanoparticles. 
Based on the assumption that the reaction proceeds on the surface of the metal nanoparticles, 
𝑘𝑘𝑎𝑎𝑝𝑝𝑝𝑝  should be proportional to the total surface S of the Pd nanoparticles present in the 
system:109 𝑘𝑘𝑎𝑎𝑝𝑝𝑝𝑝 = 𝑘𝑘1𝑆𝑆, where 𝑘𝑘1 is the rate constant normalized to S. The total surface of the 
Pd nanoparticles S was estimated from the TGA results (Figure 3.7.3a, b) and the 
nanoparticles size was obtained from the TEM images. For this calculation, the Pd 
nanoparticles were assumed as spheres. From the linear fit we obtain 𝑘𝑘1= 0.080 s−1·m−2·L as 
shown in Figure 3.7.4. 
Table 3.7.1 summarizes the catalytic activity of some reported Pd nanocatalysts with similar 
size for the reduction of 4-nitrophenol. Here the surface area-normalized rate constant, k1, is 
applied for direct comparison. In general, the Pd@PS-P2VP@DT-Au composite particles 
show quite high catalytic activity compared to other reported systems. For example, it is 
higher than that of peptide,199 protein,200 and PAMAM dendrimer201 stabilized Pd nanocatalyst 




systems, but smaller than that of spherical polymer brushes (SPB) system. 111, 115 In addition, it 
is found that for the metal nanoparticles with similar size, the carrier system can have a strong 
influence on the rate constant of the immobilized nanoparticles. The present PS-P2VP block 
copolymer nanospheres act as efficient carrier systems for the immobilization of catalytic 
active Pd nanoparticles. 
Table 3.7.1 Catalytic activity of the metal nanoparticles for the reduction of 4-nitrophenol. 
Sample Carrier system Metal Da (nm) T [˚C] k1b (s-1m-2l) 
Pd@PS-P2VP@DT-Auc PS-P2VP@DT-Au Pd 3.1±0.2 20 0.08 
Yuan 2012115 PS-PIL brushes Pd 2.1±0.2 20 0.58 
Mei 2007111 Cationic SPB Pd 2.4±0.5 15 1.1 
Esumi 2004201 PAMAM dendrimer Pd 1.8±0.4 15 3.07×10-3 
Behrens 2009200 Protein Pd 2.8±0.5 22 0.048 
Bhandari 2011199 Petide Pd 2.6±0.5 20 1.67×10-2 
a D: Diameter of the metal nanoparticles 
b k1: Rate constant normalized to the surface of the particles in the system  
c Pd@PS-P2VP@DT-Au: composite particles with 17.4 wt% Pd   
 
In this work, we demonstrate a novel route to assemble two types of metal nanoparticles onto 
block copolymer nanospheres with ordered spatial distribution. PS-P2VP@DT-Au core-shell 
particles are first fabricated by swelling the short polymer rods containing periodic DT-Au 
aggregations, which are derived from Rayleigh instability of bilayered PS-P2VP@DT-Au 
nanotubes confined in AAO cylindrical pores. By using different amount of DT-Au 
nanoparticles, the core size can be adjusted directly. Moreover, the composite particles with 
larger DT-Au cores exhibit a red shift of the surface plasmon absorption band in the UV-vis   
spectrum. Because the PS-P2VP shell has highly ordered microphase separation structure, a 
second metal, Pd nanoparticles, have been successfully coated on the shell with patterned 
distribution, which can work efficiently as catalyst for the reduction of 4-nitrophenol. This 
study not only provides an effective approach for the sufficient location of different metal 
nanoparticles into polymer particles, but also demonstrates the functionalization of the 
polymer particles with optical and catalytic properties derived from two different metal NPs, 
respectively. Such multi-component nanomaterials will have potential applications in high-





4. Polydopamine@gold (PDA@Au) nanoreactors with 
interconnected channel structure 
Porous and hollow nanoparticles have been widely exploited in many applications, including 
catalytic support,202 controlled release,203, 204 confined synthesis,205 optics and electronics,206, 
207 owing to their properties of low density, high surface areas, and interstitial hollow 
spaces.208, 209 Extensive studies on porous nanoparticles have been conducted ranging from 
organic to inorganic materials.210-214 Among them, nature inspired polymer nanoparticles 
stand out as competing candidates which exhibit better biocompatible and permeable 
properties in comparison with commonly used polymers.215 
As a major pigment of naturally occurring melanin, PDA has received increasing attention 
due to its striking properties of naturally occurring melanin in optics, electricity and 
magnetics.62, 216 In addition, because of its functional groups such as catechol, amine and 
imine, it can serve not only as the starting substrates for covalent modification with desired 
molecules but also as the anchors for the loading of transition metal ions, which can be 
applied for the synthesis of diverse hybrid materials.217, 218 Compared with commonly used 
polymers, PDA presents better stability in organic solvents and aqueous solution. It has been 
demonstrated that PDA is stable between pH of 2-11 and in a large temperature range, as well 
as in many organic solvents, such as acetone, tetrahydrofuran (THF).217, 218 Most importantly, 
PDA layers can be easily coated on virtually all types of inorganic and organic substrates with 
controllable thickness.217, 218 Thus, PDA has opened a new route for the modification of 
various templates, which makes the soft-templating strategy extremely promising for the 
synthesis of PDA based nanoreactors. 
Current studies on PDA nanoparticles have mainly yielded solid particles and closed capsules 
with limited functionality.219, 220 Whereas complex nanostructures such as porous particles 
with separated nano-chambers in the interior have not been reported. In addition, a special 
class with encapsulated guest species such as metal nanoparticles has attracted tremendous 
interests as nanoreactors in recent years.221-224 Reactions or behaviors of small molecules in 
nano-space are of great interest due to the templating and confining effects.225  
As discussed in chaper 2 and chaper 3, block copolymer of PS-P2VP is a promising candidate 
for the soft template owing to its highly-ordered microphase separation structures. By 
choosing the appropriate molecular weight, porous PS-P2VP nanoparticles with tunable pore 




sizes can be obtained through a selective swelling method.12 Besides, P2VP has demonstrated 
good reducing ability for metal ions under UV irradiation,45 which can be applied for the 
synthesis of metal nanoparticle for catalytic reactions.226 
In this chapter, I will demonstrate a template-directed synthesis of PDA@Au nanoreactors 
with interconnected channel structure. Scheme 4.1 illustrates the synthesis procedure. PS-
P2VP nanoparticles with ordered microphase structure are synthesized by an emulsion 
method, as stated in chapter 3. The porous templates can be prepared by a selective swelling 
process in ethanol (Scheme 4.1, step 1), after which Au nanoparticles are assembled onto the 
BCP framework through the in situ reduction of gold ions under UV irradiation (Scheme 4.1, 
step 2). Under alkaline condition (tris buffer, pH=8.5), a layer of polydopamine can be formed 
on the surface of the Au@PS-P2VP particles (Scheme 4.1, step 3). Owing to the permeable 
property of the PDA layer, the PS-P2VP template can be removed by THF, leading to the 
interconnected channel structure of the porous particles (Scheme 4.1, step 4). Electron 
tomography (ET) provides direct visualization of the complex inner structure, where Au 
Scheme 4.1 Synthesis of PDA@Au nanoreactors. (1) Selective swelling of PS-P2VP nanospheres into porous 
structures. (2) In situ growth of gold nanoparticles through UV irradiation. (3) Deposition of PDA layer onto the 
porous templates. (4) Removal of the PS-P2VP templates by dissolving in THF. 




nanoparticles are homogeneously embedded. The obtained PDA@Au particles have been 
used as nanoreactors for the catalytic reduction of 4-nitrophenol. The kinetic data is simulated 
using a MatLab program and compared with other reported catalytic systems in detail. To the 
best of our knowledge, this is the first report on the synthesis of PDA@Au nanoreactors with 
interconnect channel structures.  
4.1 Preparation of porous PS-P2VP nanoparticles as soft templates 
PS-P2VP consists of swellable minority component P2VP and non-swellable majority 
component PS. Selective Swelling induced morphology reconstruction of PS-P2VP at 
temperatures below the Tg of PS (∼100 ℃) will yield porous nanostructures, which can be 
used as soft templates for the synthesis of porous PDA nanoreactors. In this work, ethanol is 
used as swelling solvent because it is good solvent for P2VP but poor solvent for PS. Serving 
as soft templates, the particles are required to possess stable framework and open porous 
structure. Thus, PS-P2VP with different swelling ratios (Mn (P2VP)/Mn (PS)) is studied. It is 
found that perfect porous structure can be obtained when a moderate swelling ratio is applied 
(Mn (P2VP) = 16500 g/mol, Mn (PS) = 50000 g/mol,  
𝑴𝑴𝒏𝒏 (𝐏𝐏𝐏𝐏𝐏𝐏𝐏𝐏)
𝑴𝑴𝒏𝒏 (𝐏𝐏𝐏𝐏)
= 𝟎𝟎.𝟑𝟑𝟑𝟑 ). As shown in Figure 
4.1.1a, a nanosphere with porous network architecture is obtained. These particles not only 
keep the spherical shape but also exhibit open porous structure. Increasing the swelling ratio 
(Mn (P2VP) = 10400 g/mol, Mn (PS) = 23600 g/mol, 
𝑴𝑴𝒏𝒏 (𝐏𝐏𝐏𝐏𝐏𝐏𝐏𝐏)
𝑴𝑴𝒏𝒏 (𝐏𝐏𝐏𝐏)
= 𝟎𝟎.𝟒𝟒𝟒𝟒), the resulted porous 
structure is fragile and easily collapsed (Figure 4.1.1b). While a relatively low 
Figure 4.1.1 Porous PS-P2VP particles with different swelling ratios (a) Mn (P2VP) = 16500 g/mol, Mn (PS) = 
50000 g/mol; (b) Mn (P2VP) = 10400 g/mol, Mn (PS) = 23600 g/mol; (c) Mn (P2VP) = 4800 g/mol, Mn (PS) = 
26000 g/mol. 




swelling ratio (Mn (P2VP) = 4800 g/mol, Mn (PS) = 26000 g/mol, 
𝑀𝑀𝑛𝑛 (P2VP)
𝑀𝑀𝑛𝑛 (PS)
= 0.18) results in 
closed multi-layer structures, which will block the functionalization of the inner part (Figure 
4.1.1c). Thus PS16500-P2VP50000 has been chosen as the model polymer to produce the porous 
templates. 
4.2 In situ growth of Au nanoparticles on PS-P2VP porous templates 
PS-P2VP framework contains pyridine units, the N atoms with lone pair electrons can serve 
as electron donators. Various types of metal precursors can be coordinated with them, which 
can be further reduced to metal nanoparticles. In this work, PS-P2VP porous particles are 
dispersed in HAuCl4/ethanol solution at room temperature to allow the coordination of the 
AuCl4- ions with the protonated pyridine rings of P2VP through complexation. In order to 
avoid the formation of excess gold nanoparticles in the solution, the coordinated complex is 
separated from the free AuCl4- ions by centrifugation. The adsorbed gold ions can be reduced 
into gold nanoparticles by exposing the composites under UV light irradiation for 4h. Figure 
4.1.2a and b show the fully loading of gold nanoparticles onto the porous PS-P2VP templates. 
Further characterization by XRD demonstrates the formation of gold nanoparticles. As shown 
in Figure 4.1.2c, four diffraction peaks at 38.2°, 43.0°, 64.6° and 78.1° are assigned to the 
(111), (200), (220) and (311) planes of the face-centered cubic (fcc) Au,  respectively. 
4.3 Generation of PDA@Au nanoreactors  
The primary advantage of PDA is that, which is similar with mussels, it can be easily 
deposited on both inorganic and organic substrates, including superhydrophobic surface. 
Catechol has been postulated to play an important role in this adhesion.226 This adherence is 
Figure 4.2.1  (a) TEM images of the Au@PS-P2VP particles. (b) Selected area from image (a). (c) XRD spectra 
of the Au@PS-P2VP porous particles. 





Figure 4.3.1 (a) Synthesis and structure of PDA as proposed by Messersmith et al. 227 (b) TEM images of 
PDA@Au@PS-P2VP particles. (c) PDA@Au particles with interconnected channel structure after the removal 
of the PS-P2VP template. (d) FTIR spectra of the PDA@Au particles. 
especially important for the trapping of Au nanoparticles, which is difficult for other polymers 
without introducing additional interactions. Another advantage is that dopamine can self-
polymerize under weakly alkaline condition at room temperature (Figure 4.3.1a).227 This mild 
condition successfully protects the porous structure of the PS-P2VP templates, which can be 
easily destroyed in organic solvents, acid solution, or temperature over 60 ˚C.  
When dopamine monomers are added into an alkaline solution, the polymerization of 
dopamine monomers immediately occurs, coupled with a color change from colorless to pale 
brown, and finally turning to deep brown with reaction time. Figure 4.3.1b shows the PDA 
coated Au@PS-P2VP particles. We find the porous structure is no longer obvious. This is 
because PDA has the similar contrast with PS-P2VP, and the porous space is almost filled by 
the PDA layer. The final product of the PDA can be preliminarily verified by FTIR analysis. 
As shown in Figure 4.3.1d, the characteristic peaks located at 1490, 1435 and 1250 cm-1 
indicate the formation of polyphenoles structure.228 The peak at 1622 cm-1 is assigned to the 
stretching of aromatic C-C bonds of indole. 
Figure 4.3.1c shows clearly that interconnected channel structure of PDA are generated after 
the removal of PS-P2VP. The gold nanoparticles originally formed on the PS-P2VP 
framework are fully trapped into the PDA channels. No aggregation of the gold nanoparticles





Figure 4.3. 2 TEM images of the PDA particles without (a, b) and with (c, d) Au nanoparticles in the interior. 
is found in the TEM picture, indicating that the PDA supporting layer can effectively avoid 
the merging of the Au nanoparticles.   
Figure 4.3.2 shows the comparison of PDA porous spheres without (Figure 4.3.2a, b) and with 
gold nanoparticles (Figure 4.3.2c, d). The PDA channel structure can be clearly seen in Figure 
4.3.2b, which is due to the replication of PDA from the PS-P2VP porous particles. In Figure 
4.3.2d, gold nanoparticles with an average diameter of 10 nm can be observed in the hollow 
PDA channels. Owing to the good affinity of PDA to both organic and inorganic materials, the 
gold nanoparticles are totally embedded inside the channels.  
4.4 Tuning the thickness of PDA layers  
The physical stability of the PDA@Au scaffolds is especially important when they are applied 
as reusable nanoreactors, which is influenced by the thickness of the PDA layer. In my study, 
the thickness of the PDA layer can be controlled effectively by polymerization time. Different 
reaction times have been applied for the PDA coating process by keeping the PDA 
concentration constant (0.3 mg/ml). We found that PDA porous particles produced from 
reaction time of less than 4 h are fragile and significantly distorted upon centrifugation and 
sonication. Longer reaction time leads to the formation of PDA@Au porous particles with 




Figure 4.4.1 PDA@Au porous particles with different thicknesses of the PDA layer by adjusting the reaction 
time. TEM images of the PDA porous particles produced from reaction time of 5 h (a, d), 7 h (b, e) and 11 h (c, 
f).  
different wall thicknesses. As shown in Figure 4.4.1, increasing the polymerization time from 
5 h, 7 h, to 11 h leads to the increase of PDA thicknesses from 7~8 nm, 10~12 nm to 15~18 
nm. From TEM images with high magnification (Figure 4.4.1d, e, f), the uniform PDA layers 
can be clearly seen after removal of the PS-P2VP template, confirming the structural integrity 
of the porous particles. 
4.5 Three dimensional (3D) visualization of the PDA@Au particles 
To directly observe the 3D structure of the PDA@Au particles, a detailed structural analysis 
has been carried out by electron tomography (ET). ET is a powerful 3D visualization method 
for investigating the internal structure of the composite particles. In the tomographic 
acquisition, a set of projection images is recorded at different spatial orientations. The 
projections are subsequently computationally merged into a 3D image. A conventional TEM 
image (Figure 4.5.1a) shows the porous structure of the PS-P2VP template. Figure 4.5.1b is a 
gallery of selected XY slices through the tomographic reconstruction of the particle in Figure 
4.5.1a. 3D surface renderings of the particle present both the surface and the internal structure 





Figure 4.5.1 TEM analysis of the PS-P2VP templates: (a) conventional TEM image and (b) selected XY slices 
through the tomographic reconstruction of an individual PS-P2VP porous particle. The slice in (b) highlighted in 
green corresponds to the central slice. (c-f) Particle 3D surface renderings without (c) and with interior views (d-
f), using a cutting plane through the central XY slice (PS-P2VP shown in green).   
of the PS-P2VP template (Figure 4.5.1c-e), where PS-P2VP micellar fibers (27 nm in width, 
measured in Figure 4.5.1b) form an interconnected network. Such highly porous structure 
provides super large surface for the deposition of PDA, which finally leads to interconnected 
channels after the removal of the template.  
Figure 4.5.2a and 4.5.2b show the normal TEM image and selected XY slices through the 
tomographic reconstruction of the PDA@Au particles, respectively. The channel in Figure 
4.5.2b is measured as 27 nm in width, which is the same as that of the PS-P2VP micellar 
fibers (Fig 4.5.1b). The channels are confirmed to be continuous inside the particles, which is 
attributed to the precise copy of the interconnected network of PS-P2VP micellar fibers by 
PDA and the subsequent removal of the template. Figure 4.5.2c shows the branches of the 
PDA channels. Au nanoparticles can not be observed from the surface view, while the cutting 
plane views (Figure 4.5.2d1-4, h, i) and the semitransparent views  (Figure 4.5.2e-g) show 
that Au nanoparticles distribute all over the inner space of the particles, which demonstrates 
that Au nanoparticles are fully trapped in the PDA channels and distribute separately without 
obvious aggregation. Furthermore, Figure 4.5.2d2 and 4.5.2d4 clearly present the spatial 
distribution of the Au nanoparticles along the PDA channels. Enlarged views of selected 
regions (Figure 4.5.2j1, j2) clearly show the encapsulated Au nanoparticles inside the PDA 
channels. The 3D images are crucial in revealing the structural features of the particles which 
are not easy identified from normal TEM images which provide only 2D visualization. 





Figure 4.5.2 TEM analysis of the PDA@Au particles: (a) conventional TEM image and (b) selected XY slices 
through the tomographic reconstruction of two adjacent PDA@Au particles. (c-i) 3D surface renderings of the 
particles (PDA shown in blue and Au shown in yellow): (c) surface view (d1, d2) subregion including cutaway 
view to highlight gold nanoparticles interior distribution in PDA. (d3, d4) rotated view of d1, d2 respectively.  
(e) as c but with semitransparent PDA layer to show internal structure. (f, g) as e but components shown 
separately. (h, i) as c but with a cutting plane through the central XY slice of PDA. (j1, j2) magnified views of 
selected marked regions in h.   




4.6 Kinetic study of the reduction of 4-nitrophenol using PDA@Au particles 
as catalytic nanoreactors 
4.6.1 Catalytic reduction of 4-nitrophenol in PDA@Au particles nanoreactors 
The obtained PDA@Au particles have been used as nanoreactors for the kinetics study of 
reduction reactions. Apart from confining reactions into nanoscale volumes, PDA layers can 
also protect the encapsulated Au nanoparticles from aggregation, being poisoned or degraded 
by agents outside the containers, which is especially important for the reuse of the catalytic 
nanoreactors. 
The catalytic reduction of 4-Nip by NaBH4 is used as model system. The PDA@Au particles 
with PDA thickness about 8 nm are applied as catalytic nanoreactors (Figure 4.6.1.1). The 
size of the gold nanoparticles are measured based on the TEM images before and after coating 
with PDA (Figure 4.6.1.1a, b). No big change of the particle size is found in the size 
 
Figure 4.6.1.1 Au NPs measured for the total surface area in the catalytic reactions. (a) Au NPs coated on PS-
P2VP template; (b) Au nanoparticles embedded in PDA channels after the removal of PS-P2VP; (c) size 
distribution of Au NPs in (a) and (b); (d) TGA measurement of the PDA@Au shows the Au content up to 71.4%.     





Figure 4.6.1.2 Conversion efficiency of the PDA@Au catalytic nanoreactors in 5 consecutive reaction cycles. 
The repeated reactions run at a constant concentration of 4-nitrophenol 0.1 mM, NaBH4 10 mM, PDA@Au 
particles 15 mg/ml (50 μl) for 15 min. 
distribution (Figure 4.6.1.1c). Then total surface area S is estimated from the TGA results 
(Figure 4.6.1.1d) and the average particle size. Langmuir-Hinshelwood kinetics112, 115, 121, 122 is 
used for the mechanistic analysis of the catalytic activity. In chapter 2.3.2 we shows that 4-
Nip is first reduced to 4-nitrosophenol and then to 4-hydroxylaminophenol (Hx). In the final 
step, Hx is reduced to 4-aminophenol (Amp). Figure 4.6.1.2 presents good reusability of the 
nanoreactors. After 5 repeated cycles, they show almost identical activities without obvious 
decreasing of the conversion.  
4.6.2 Theoretic analysis of the surface-controlled reaction model 
A simple analysis of the total reaction rate shows that in this system the reaction is surface-
controlled. The reason is that the total catalytic time is much longer than that of the diffusive 
approach of the reactants to the dense layer of the nanoparticles.229 
We define the total catalytic reaction time, 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠−1 , is the sum of the time for the reactant 4-
nitrophenol to diffuse to the gold nanoparticles in the PDA@Au nanoreactors, 𝑘𝑘𝐷𝐷−1, and the 
time to get reduced by sodium borohydride NaBH4 adjacent to a nanoparticle, 𝑘𝑘𝑆𝑆−1, i.e., 
                                         𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠−1 = 𝑘𝑘𝐷𝐷−1 + 𝑘𝑘𝑆𝑆−1         (4.6.2.1) 
Likewise, the diffusion time has two contributions: the diffusion from the bulk to the 
PDA@Au nanoreactor, 𝑘𝑘𝐷𝐷0−1, and the diffusion from the outer surface of the PDA shell to the 
surface of a gold nanoparticle, 𝑘𝑘𝐷𝐷𝐷𝐷−1,  i.e. 𝑘𝑘𝐷𝐷−1 = 𝑘𝑘𝐷𝐷0−1 + 𝑘𝑘𝐷𝐷𝐷𝐷−1 . Since the density of gold 
nanoparticles in the nanoreactor is very large (see, e.g., Figure 4.5.2 ), according to the theory 




for nanoreactors,37 the rate limiting step in the diffusion approach (i.e. the slowest time) is the 
mean time to reach the nanoreactor from the bulk. Thus, the diffusion-controlled rate,  𝑘𝑘𝐷𝐷, is 
simply given by the Smoluchowski equation: 
                                        𝑘𝑘𝐷𝐷 ≈ 4𝜋𝜋𝐷𝐷0𝜋𝜋0𝑐𝑐𝑁𝑁𝑁𝑁𝑝𝑝,0                              (4.6.2.2) 
where 𝐷𝐷0 is the diffusion coefficient of 4-nitrophenol in water, 𝜋𝜋0 is the outer radius of the 
nanoreactor, and 𝑐𝑐𝑁𝑁𝑁𝑁𝑝𝑝,0 is the bulk concentration of 4-nitrophenol. If we make an order of 
magnitude analysis, considering 𝐷𝐷0~ 1  nm2/ns, 𝜋𝜋0  ~ (100-200) nm, and 𝑐𝑐𝑁𝑁𝑁𝑁𝑝𝑝,0 ~ 10−5  M 
(which is ~ 10−5 nm-3), we conclude that 𝑘𝑘𝐷𝐷−1 ~ 10−7 s.  
In addition, as shown in Figure 4.6.2.1, the apparent rate constant is, 𝑘𝑘𝑎𝑎𝑝𝑝𝑝𝑝~ 10−3 s-1, which 
means that the total reaction time is  𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠−1~ 103 s. Since the total catalytic reaction time is 
approximately 10 orders of magnitude larger than the diffusion time, using Eq. (4.6.2.1) we 
clearly conclude that the reaction is surface-controlled.  
We express the surface reaction rate  𝑘𝑘𝑆𝑆 as: 
         𝑘𝑘𝑆𝑆 = 𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑁𝑁𝑁𝑁𝑝𝑝,𝐷𝐷                   (4.6.2.3) 
where 𝑐𝑐𝑁𝑁𝑁𝑁𝑝𝑝,𝐷𝐷  is the 4-nitrophenol concentration in the nanoreactor next to the gold 
nanoparticles, and 𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠Δ𝑉𝑉, being 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠 the fraction per unit time of the 4-nitrophenol 
 
Figure 4.6.2.1 Dependence of the apparent rate constant, 𝑘𝑘𝑎𝑎𝑝𝑝𝑝𝑝, with the borohydride concentration for different 
initial 4-nitrophenol concentrations. The solid lines refer to the fit of the experimental data obtained using, e.g., 
Eq. (3b) in Ref. 112. 




molecules that are reduced by NaBH4, and Δ𝑉𝑉  the volume of the shell next to the gold 
nanoparticles where effectively the chemical reaction is happening. As a consequence, the 
surface reaction is directly proportional to the 4-nitrophenol and BH4- concentrations within 
the reactive volume. For large concentrations a competition of both reactants for reactive sites 
on the metal surface would lead to a saturation and a subsequent slowdown of the surface 
reaction rate. 
We find such behavior in the total reaction rate, as shown in Figure 4.6.2.1. The apparent rate, 
𝑘𝑘𝑎𝑎𝑝𝑝𝑝𝑝 , increases linearly with increasing BH4- concentration. The diminution of 𝑘𝑘𝑎𝑎𝑝𝑝𝑝𝑝  with 
increasing 4-nitrophenol concentration is due to the nearly full coverage of the nanoparticles 
surface by 4-nitrophenol, which slows down the injection of electrons to the metal surface. If 
the reaction would be diffusion-controlled, a modification of the BH4- concentration would 
not affect the total rate. This fact supports our conclusion about the surface-controlled nature 
of the catalytic reaction. 
4.6.3 Kinetic study of the reduction of 4-nitrophenol in PDA@Au  nanoreactors 
As discussed in chapter 2.3.2, the kinetic study follows a system of two coupled differential 
equations (Eqs. (2.3.2.3) and (2.3.2.5))113, 114 which describe the two steps of the reduction. In 
the equations, KNip, KHx and KBH4 are the Langmuir adsorption constants of the respective 
compounds, and ka, kb represent the reaction rate constants of step A and B. Eq. (2.3.2.3) 
describes the decay rate of Nip and the generation of Hx. Equation (2.3.2.5) presents the 
generation and decay of the intermediate Hx. The concentration of Nip as the function of 
reaction time was then calculated by the numerical solution of the equations as reported.113 
As shown in Figure 4.6.3.1, the concentration of 4-Nip normalized by respective initial 
concentration cNip,0 was plotted as the function of time with different initial concentrations of 
4-Nip and BH4-. The solid lines are the fits by theory. The experimental data can be well fitted 
even when the conversion reaches 70 %. Figure 4.6.3.2 displays the reaction rates of step A 
and B derived from the fitting results. As indicated by the dash lines, the rate constants ka and 
kb scatter around mean values within the limits of error. The whole set of kinetic and 
thermodynamic parameters are summarized and compared with reported systems in Table 
4.6.3.1.   





Figure 4.6.3.1 Fit of the concentration of 4-Nip as the function of time by the numerical solution of Eqs. (2.3.2.3) 
and (2.3.2.5). The solid lines refer to the fits by the kinetic model. The concentration of Nip was normalized to 
the respective starting concentration cNip, 0. The experimental data have been taken from reactions at temperature 
of 20 °C (data points with error bars).  





Figure 4.6.3.2  Kinetic constants ka (left) and kb (right) derived from fitting results in Figure 4.6.3.1. The dash 
lines indicate the average values. 
Table 4.6.3.1 Summary of the kinetic and thermodynamic parameters 





 1200±400 80±20 (190±20)×10
3





 3700±900 50±4 (160±15)×10
3
 0.5 2.6 




 2000±600 70±10 (180±20)×10
3





 1800±700 60±10 (160±25)×10
3
 0.5 7.2 
* SPB: spherical polyelectrolyte brushes 
For the rate constants ka and kb, the values obtained in this study are smaller than the 
compared systems. The decrease in ka and kb may be related to the confinement of the PDA 
channels inside which Au nanoparticles are encapsulated. Besides, the PDA@Au 
nanoreactors have a smaller KNip, a similar KBH4 and KHx. The slightly smaller KNip indicates 
that the PDA protected Au nanoparticles are not as favorable as that of the compared systems 
for the adsorption of reactants. However, KBH4 and KHx of the PDA@Au nanoreactors are 
quite similar to those of SPB-Au, SPB-Pt, and ligand-free Au. The difference is within the 
experimental uncertainty. This indicates that the PDA scaffold has no obvious effect on the 
adsorption of BH4- and Hx. Hence, we conclude that the PDA@Au nanoreactors show 
significant influence on ka, kb and KNip due to the separated PDA channels, but little effect on 
the adsorption of BH4- and Hx. Despite lower reaction rates (smaller ka and kb), the PDA@Au 
nanoparticles are firstly proved to be active catalytic nanoreactors for the reduction of 4-
nitrophenol, revealing different kinetics from the reported systems.  
In this work we demonstrate a novel approach for the synthesis of the PDA@Au nanoreactors 




with interconnected channel structure by using PS-P2VP porous particles as soft template. PS-
P2VP porous particles are firstly fabricated by swelling the solid nanospheres in ethanol at 
75 °C. Au nanoparticles are assembled selectively onto the P2VP blocks of the template 
through in situ reduction of AuCl4- under UV irradiation. A layer of PDA has been further 
deposited onto the template via the self-polymerization of dopamine under alkaline condition. 
By controlling the polymerizing time, the wall thickness of the PDA channel can be tuned 
efficiently. 3D reconstruction of the particles confirms the interconnected PDA channel 
structures, where Au nanoparticles are encapsulated. Because of the permeable property of the 
PDA layers, the composite particles can be applied as nanoreactors for the kinetic study of 
reduction of 4-nitrophenol. The reaction is surface controlled according to the theoretical 
analysis. The kinetic results show different ka, kb, and KNip, but similar KBH4 and KHx when 
compared with Au nanoparticles immobilized in SPB and ligand-free Au nanoparticles. As far 
as we know, this is the first report for the synthesis of PDA based nanoreactors with 
interconnected channel structure, which enables the kinetic study of encapsulated metal 
nanocatalysts in complex nanostructures. Because the continuous PDA channels possess 
larger surface area than normal nanoparticles, as well as permeable, durable and 






5. Porous Ti4O7 particles as cathode material for lithium sulphur 
battery 
With respect to low density and high specific surface area, mesoporous materials have 
become a subject of extensive research and been exploited in many applications, including ion 
exchange,230 catalytic support,231 efficient adsorbents for ion storage232-234 and controlled 
release,235, 236 supercapacitors,237, 238 cathode materials for lithium-sulphur (Li-S) batteries,239, 
240 solar power and fuel cells.241, 242 For example, Zhao et al.231 demonstrated that mesoporous 
Au/silica materials with ordered mesopores exhibited an excellent performance in catalyzing 
the epoxidation of styrene with high conversion (95.4%) and selectivity (82.6%) toward 
styrene oxide owing to their high surface area (670 m2g-1) and efficient mass transport. 
Mesoporous carbon spheres with uniform pore sizes were fabricated by using poly(styrene-
ethylene oxide) (PS-PEO) as template, which exhibited high electrochemical activity owing to 
the less restricted diffusion of guest species.243 Mesoporous silica nanoparticles with pore 
sizes larger than big biomacromolecules (e.g., DNA) were shown to be an excellent candidate 
for drug delivery systems.244 So far, most of the studies on porous nanoparticles are limited to 
classical materials (e.g., polymer, silica, carbon),232-244 whereas the synthesis of conductive 
metal oxides with porous structures, for example Ti4O7 nanoparticles, have not been 
extensively studied, which has been highly valued as cathode materials for Li-S batteries.245 
Ti4O7 is a member of the TinO2n-1 Magnéli phases, substoichiometric compositions of metallic 
titanium oxides that form a homologous series between the end members of TiO2 and 
Ti2O3.246 Ti4O7 has been utilized as a Pt catalyst support for fuel cells because of its high 
electrical conductivity (>103 S cm-1 at room temperature).247, 248 Besides, Ti4O7 contains polar 
O-Ti-O units that have a high affinity for polysulphide, which is essential for retarding the 
dissolution of polysulphide when applied as cathode material for Li-S batteries.16, 249-251 
According to Nazar’s work,73 the strong interaction between the Ti4O7 powders and 
polysulphide can mitigate the dissolution of polysulphide in the electrolyte, leading to 
excellent cycle performance and high-rate capability. 
Generally, Ti4O7 can be synthesized by thermal reduction of TiO2 at about 1000 ˚C with inert 
gas and carbon.252, 253 This method results in the arbitrarily growing of the particles, making it 
difficult to precisely control the nanostructures of the particles. Considering the high volume 
ratio of sulphur and polysulphide in the electrolyte, the commonly used anchoring powder 




would not be able to provide sufficient interfaces to fix all sulphide species. Thus, developing 
porous Ti4O7 nanoparticles by using template will be a practical way to address this limitation. 
The formation of porous structures relies on the availability of porogens, which traditionally 
involve hard templates and soft templates.254 Using hard template methods, pores could be 
created with precise control over size and shape.255, 256 However, the removal of hard 
templates requires harsh conditions such as etching by acid or alkali, not only complicating 
the fabrication process, but also affecting the physical and chemical properties of the product. 
Soft templates are easier to be removed by means of simple dissolution or calcination. The 
use of preformed block copolymer particles as soft template opens a new path for the 
synthesis of inorganic particles with large surface area as well as complex inner structures. In 
the previous chapter of this thesis, a selective swelling strategy has been applied to generate 
porous PS-P2VP particles. They are proved to be good template for the synthesis of 
polydopamine@gold (PDA@Au) nanoreactors, as presented in chapter 4. Owing to the ability 
of coordinating with different precursors of metal and metal oxides, the porous PS-P2VP 
particles are considered to be promising template for the synthesis of porous Ti4O7 particles. 
In addition, when the Ti4O7 particles are used as cathode materials, the contact between the 
particles and the carbon black in the slurry can be improved by coating a thin layer of carbon 
onto the surface of the Ti4O7 particles. Reports of this kind have not been found yet. 
In this chapter, the synthesis of Ti4O7 particles with interconnected pore structures will be 
investigated by using PS-P2VP porous particles as template. The synthesis procedure is 
shown in Figure 5.1. First, PS-P2VP porous particles can be obtained by selective swelling of 
the dense particles, as discussed in the previous chapters of this thesis. Second, titanium 
isopropoxide (TIP) can be used as precursor which can coordinate to the surface of the PS-
P2VP template (Figure 5.1 step a). Third, TIP can be quickly hydrolyzed into TiO2, which 
will transform to Ti4O7 nanoparticles by a consequent thermal reduction at 900 ˚C in argon 
atmosphere. The PS-P2VP templates can be burnt out, resulting in interconnected pores inside 
the nanoparticles (Figure 5.1 step b). In addition, a thin layer of carbon can be coated onto the 
porous Ti4O7 nanoparticles in order to improve the electrochemical performance, which can 
be directly compared with that of the uncoated Ti4O7 particles. To the best of our knowledge, 
this is the first report on the synthesis of Ti4O7 nanoparticles with interconnected pores. Such 
porous particles with high surface area can be used as multifunctional sulphur host material 
for lithium-sulphur batteries. 





Scheme 5.1 Synthesis procedure of the Ti4O7 nanoparticles. (a) Coordination of TIP with PS-P2VP template (b) 
Hydrolysis of the TIP into TiO2, followed by the thermal reduction of TiO2 into Ti4O7 at 900 ˚C in argon 
atmosphere. 
5.1 Formation of porous Ti4O7 nanoparticles 
Selective swelling induced porous materials preserve their mechanical strength and chemical 
heterogeneity of the block copolymers. These materials provide both geometric confinement 
and active sites for further functionalization, thus are perceived as potential soft templates for 
the synthesis of complex structures. In this work, PS-P2VP (Mn (P2VP) = 16500 g/mol, Mn 
(PS) = 50000 g/mol) has been used as model copolymer, which can provide 155 molar 
pyridine groups per gram for the coordination of inorganic precursors. As shown in Figure 
5.1.1a-c, porous structure is generated by selective swelling of the P2VP domains 
accompanied with plastic deformation of the nonswollen PS. Titanium isopropoxide 
(Ti(OCH(CH3)2)4) can coordinate to the porous PS-P2VP particles due to the coordination 
between the titanium and the pyridine group.242 The Ti(OCH(CH3)2)4 can be hydrolyzed into 
TiO2 through addition of trace amount of water. Figure 5.1.1d-f show the TiO2@PS-P2VP 
composite particles, from which we find that the pores on the surface of the template are 
mostly filled by the TiO2 layer. 
 A thermal reduction process is essential for the generation of porous Ti4O7 particles. During 
this process, the PS-P2VP template is mostly burnt out, leaving interconnected pores inside 
the particles. Part of the polymer is carbonized and TiO2 is reduced into Ti4O7 under argon





Figure 5.1.1 Photos of the porous PS-P2VP particles (a), TiO2@PS-P2VP particles (d) and Ti4O7 particles (g) 
dispersed in ethanol. TEM images of the porous PS-P2VP particles derived from a selective swelling process in 
ethanol at 75 ˚C for 60 min (b, c), TiO2@PS-P2VP particles (e, f), and porous Ti4O7 particles (h, i) obtained 
from the thermal reducing of the TiO2@PS-P2VP particles in figure (f). 
atmosphere. Figure 5.1.1g-i show the obtained Ti4O7 particles, from which interconnected 
pores can be observed due to the removal of the PS-P2VP template. It is worth mentioning 
that the obtained porous Ti4O7 particles are easily redispersed in ethanol as shown in Figure 
5.1.1g.  
5.1.1 Influence of the water concentration on the hydrolysis of Titanium isopropoxide 
In the synthesis of titanium oxides, the H2O/Ti molar ratio, known as the hydrolysis ratio r, is 
a key factor in controlling the size, morphology and crystallinity of the precipitates that 
form.257, 258 Using low hydrolysis ratios tends to result in partial hydrolysis, with retained 
organic groups present in the precipitate. Higher hydrolysis ratios are necessary for complete 
or near complete hydrolysis to take place.259, 260 In this work, four different hydrolysis ratios 
have been studied on the hydrolysis of Ti(OCH(CH3)2)4. It is found that the hydrolysis ratios 
lower than 60 lead to powders or partially collapsed porous particles after the thermal 
reduction of the TiO2@PS-P2VP particles (Figure 5.1.1.1 a-c). Hydrolysis ratio of 100 results 
in Ti4O7 particles with interconnected pore structure (Figure 5.1.1.1d). Thus we choose r = 
100 as the optimized hydrolysis ratio for the scalable synthesis of the porous Ti4O7 particles.




Figure 5.1.1.1 TEM images of the Ti4O7 particles generated under different hydrolysis ratios. (a) r = 20. (b) r = 
40. (c) r = 60. (d) r = 100. 
5.1.2 Influence of PS-P2VP template on the porous structure of Ti4O7 particles 
The swelling-induced porous structure of the PS-P2VP template can be adjusted by swelling 
time. At the initial stage of the morphology reconstruction, the volume of the P2VP domains 
increases as more swelling agent migrates into the swelling domains. The pressure imposed 
by the swelling P2VP domains results in plastic deformation of the nonswollen PS matrix. 
Porous structures are generated as a result of the swelling process advancing with time. As 
shown in Figure 5.1.2.1a, swelling at 75 ˚C for 30 min leads to the slightly swollen structure. 
Narrow spaces can be observed between the deformed PS-P2VP micellar fibers 
(Figure5.1.2.1a). Combining the TEM and SEM images, it is found that the resulted Ti4O7 
particles show porous structure in the interior, but closed structure on the surface 
(Figure5.1.2.1b, e). This is because the small pores on the surface have been filled by the 
hydrolyzed TiO2. The pore size inside of the Ti4O7 particles is measured as ~30 nm based on 





Figure 5.1.2.1 (a) Porous PS-P2VP particles obtained from swelling in ethanol at 75˚C for 30 min. (b) Ti4O7 
particles using particles in (a) as templates. (c) Selected zone in (a). (d) Selected zone in (b). (e) SEM image of 
the Ti4O7 particles in (b). (f) Porous PS-P2VP particles obtained from swelling in ethanol at 75˚C for 90 min. (g) 
Ti4O7 particles using particles in (f) as templates. (h) Selected zone in (f). (i) Selected zone in (g). (j) SEM image 
of the Ti4O7 particles (g). 
the TEM image, which is similar with the width of the micellar nanofibers of the template 
particles (~32 nm, Figure 5.3.1c, d).  
With the increase of the swelling time, the PS-P2VP micellar fibers further deform and 
expend to larger spaces. Figure 5.1.2.1f shows the porous structure of the PS-P2VP particles 
swollen at 75 ˚C for 90 min. More hollow spaces can be observed compared with Figure 5. 
1.2.1a. In this case, the corresponding Ti4O7 particles show porous structure not only in the 
interior, but also on the surface (Figure5.1.2.1g, j). Because titanium can coordinate with 
pyridine groups, Ti(OCH(CH3)2)4 precursor will adsorb on the PS-P2VP surface, which will 
then be covered by TiO2 after hydrolysis. TiO2 is reduced to Ti4O7 during the thermal 
reduction accompanied with the removal of the PS-P2VP template, which creates the 
interconnected pores. The width of the interconnected pores is ~24 nm, which is comparable 




with that of the PS-P2VP micellar nanofibers of the templates (~25 nm, Figure5.1.2.1h, i). In 
addition, due to the large hollow space in the PS-P2VP template, the porous structures of the 
template will not be fully filled after coating with a thin layer of TiO2 with a thickness of 
about 10 nm, which leads to open porous structures on the surface after calcination as shown 
in Figure Figure5.1.2.1j. This special porous structure can provide large surface area as well 
as valid confining space for sulphur/polysulphide. 
5.2 X-ray diffraction and N2 adsorption/desorption measurements of the 
Ti4O7 particles 
Figure 5.2.1a shows the overview TEM image of the Ti4O7 particles (prepared with the 
H2O/Ti molar ratio r = 100 by using the PS-P2VP templates swollen at 75˚C for 90 min). 
Highly porous particles consist of numerous interconnected pores can be observed. The 
structure is characterized by X-ray diffraction (XRD) and N2 adsorption/desorption 
 
 Figure 5.2.1 (a) TEM image of the Ti4O7 particles. (b) XRD patterns of the Ti4O7 particles. (c) Nitrogen 
adsorption/desorption isotherms of the Ti4O7 particles. (c) BJH pore size distribution curve and BET data used to 
calculate surface area (inset). 




measurement as shown in Figure 5.2.1. The XRD patterns of the synthesized particles are 
compared with the standard Ti4O7 (ICDD card No. 500780, Figure 5.2.1b). The good 
agreement in the XRD patterns indicates that Ti4O7 is the primary crystalline phase. The N2 
adsorption/desorption isotherms is displayed in Figure 5.2.1c. A distinct hysteresis loop can 
be observed with a typical IV isotherm, indicting the existence of a mesoporous structure. The 
pore size distribution curve shows a narrow range of mesopore size of 2-5 nm and a broad 
range (15-25 nm) centered at ca. 17 nm. The Brunauer-Emmett-Teller (BET) specific surface 
area of the Ti4O7 particles is 592 m2g−1 (Figure 5.2.1d), which is over two times the value of 
the Ti4O7 powders reported in previous works.73 
To reveal the decisive effect of the PS-P2VP template on the porous morphology and the 
crystal structure of the Ti4O7 particles, a reference experiment has been conducted for the 
synthesis of TinOm nanoparticles without using the PS-P2VP template. Figure 5.2.2a shows 
the TEM image of the obtained particles. The porous structure can not be produced without 
using the polymer template. Figure 5.2.2b shows the XRD pattern of the as-synthesized 
particles. Strong diffraction peaks at 25.27°and 48.01° are assigned to the (101) and (200) 
 
Figure 5.2.2 (a) TEM image of the TiO2 particles. (b) XRD patterns of the TiO2 particles. (c) Nitrogen 
adsorption/desorption isotherms of the TiO2 particles. (c) BJH pore size distribution curve and BET data used to 
calculate surface area (inset). 




reflections of the anatase crystalline of TiO2. The BET specific surface area of the TiO2 
particles is 64 m2 g−1, which is much smaller than that of the porous Ti4O7 particles. The pore 
size distribution curve in Figure 5.2.2d shows that no regular pores are formed in the range of 
5-40 nm. This demonstrates that the presence of the PS-P2VP template is crucial for the 
formation of the porous structure of the Ti4O7 particles. 
5.3 Modification of the Ti4O7 particles with a thin layer of carbon 
In lithium-sulphur batteries, the electrodes are made up of multi-component mixtures. The 
key component in the cathode is a sulphur holding material such as porous carbon, 
graphite or metal oxides. Other components in the formulation generally include a binder, 
such as polyvinylidene fluoride (PVDF); a solvent of the electrode, such as N-methyl-2-
pyrrolidone (NMP) - the solvent is just for making the slurry and is further rid off during 
the heat treatment, in the vacuum oven at ~ 80 ˚C; and an additive, such as carbon black, 
to improve the conductivity of the electrode.261 Preparation of a good dispersion of nano-
scaled powders in highly viscous polymer solutions has always been a problem in 
experiments.262-266 
When metal oxides nanoparticles are applied as sulphur host material, the contact between 
the carbon black and the metal oxide nanoparticles is usually limited due to the uneven 
distribution of the carbon black particles. In order to improve this poor contact, a thin 
layer of carbon can be coated onto the surface of the metal oxide particles. In our study, 
the Ti4O7 particles have been further modified with a thin layer of polydopamine, which 
can be carbonized through calcination under argon atmosphere. TEM images of the Ti4O7 
particles without and with a thin layer of carbon are presented in Figure 5.3.1a-d. A thin 
layer of carbon can be clearly seen after the surface coating (Figure 5.3.1c, d). TGA result 
indicates the inclusion of 2.3 wt% of carbon (Figure 5.3.1e).  
Usually the direct comparison between different cathode materials is not easy due to the 
different morphologies and compositions of the materials. As is well known, the 
appropriate morphology of the cathode material is crucial in enhancing the 
electrochemical performance.230-242 In this work, the surface coating route does not destroy 
the inner structure of the Ti4O7 particles. This enables the direct comparison 





Figure 5.3.1 (a) TEM image of the Ti4O7 particle; (b) enlarged zone in (a); (c) TEM image of the Ti4O7 particle 
coated with a thin layer of carbon. (d) enlarged zone in (c); (e) TGA results of the Ti4O7 particles with (black 
line) and without (red line) surface coating.   
between the Ti4O7 particles and the carbon-coated Ti4O7 particles when they are used as 
cathode materials. The effect of the carbon layer can be demonstrated directly through the 
electrochemical performance. 
5.4 The electrochemical performance of Ti4O7/sulphur cathode 
Ti4O7 contains polar O-Ti-O units that have a high affinity for polysulphide. 16 The capability 
of Ti4O7 to adsorb Li2S8 is shown in Figure 5.4.1a. Addition of Ti4O7 into the Li2S8 solution 
results in a color change from light yellow to almost colorless upon the mixing for 2 h, which 
indicates the strong adsorption of Li2S8 onto the Ti4O7 particles. The distribution of different 
elements in the Ti4O7@sulphur composite is investigated by EDX mapping analysis under 
SEM observation (Figure 5.4.1b-f). The uniform distributions of Ti, O, C and S elements 
indicate the good adsorption and confinement of Li2S8 within the Ti4O7 porous particles.  
To evaluate the electrochemical properties of the Ti4O7 porous particles, 2032-type coin cells 
have been fabricated with thick coated electrode films, in which the mass loading of sulphur 
is controlled to be approximately 1.0~1.2 mg per electrode. The utilized electrolyte 
(polysulphide solution) consists of stoichiometric 0.1 M Li2S8 (made of lithium sulphide and 
sulphur), 4 wt% lithium nitrate (LiNO3), 8 wt% bis(trifluoromethane) sulfonimide lithium salt 
(LiTFSI) and a mixture of dioxolane and dimethoxy ethane (1:1, w/w).  




Figure 5.4.1 (a) Sealed vials of a Li2S8/THF solution (1), a mixture of the Li2S8/THF solution and the Ti4O7 
particles upon stirring for 2h (2), and the color change after it is settled down for 2 h (3). SEM image of the 
Ti4O7@Li2S8 (b) and corresponding EDX elemental mappings of (c) S; (d) Ti; (e) O and (f) C. 
The electrochemical performance of both the mesoporous Ti4O7/S and the carbon-coated 
Ti4O7/S composites have been tested. Cyclic voltammetry (CV) curves of the Li-S cells with 
Ti4O7/S as the cathode are shown in Figure 5.4.2a. In the first cathodic scan, there are two 
well-defined reduction peaks at 2.34 and 2.02 V, corresponding to the multistep reduction 
mechanism of elemental sulphur. According to the previously reported mechanism, the 2.34 
V plateau is caused by the change from element sulphur to higher-order lithium polysulphide 
(Li2Sn, 4 < n < 8), which are soluble in the liquid electrolyte.267 The 2.02 V plateau is 
associated with further reduction of the higher polysulphide species (Li2Sn, 4 < n < 8) to the 
lower polysulphide species (Li2Sn, n ≤ 2).268 In the anodic scan, the oxidation peak at about 
2.38 V is associated with the reverse reactions in the charging stage. In the second scan, the 
anodic peak shifts to lower potential at 2.36 V, and the current of the corresponding peak 
decreases to a lower value.  
Figure 5.4.2b shows the CV curves of the Li-S cells with the carbon-coated Ti4O7/S as a 
cathode. Compared with those of Ti4O7/S, a similar trend is found, implying that the carbon 
coating has no obvious effect on the redox mechanism of lithium sulphur battery. A little 
increase in the current peak indicates a lower resistance for the carbon-coated Ti4O7/S cathode. 
The variation in the anodic peaks between the first and second cycles can be ascribed to the 





Figure 5.4.2 CV profiles of the Ti4O7 based cathode (a) and the carbon-coated Ti4O7 based cathode (b). The scan 
rate is 0.03mV s−1. 
rearrangement of active sulphur from its original positions to more energetically stable sites. 
Little change of the current or potential for the redox peaks is noticeable in the subsequent 
scans, indicating high electrochemical stabilities for both the Ti4O7 and carbon-coated Ti4O7 
based cathodes. 
Figure 5.4.3 shows the galvanostatic charge/discharge profiles of the Ti4O7/S cathode and the 
carbon-coated Ti4O7/S cathode, which presents two typical discharge plateaus and one charge 
plateau, in accordance with the CV curves. Compared with the Ti4O7/S cathode, the carbon-
coated Ti4O7/S cathode exhibits smaller electrochemical polarization (lower voltage 
hysteresis, ΔV). This suggests a highly facile electrochemical redox reaction and low 
resistance for the carbon-coated Ti4O7/S cathode.  
 
Figure 5.4.3 Charge/discharge profiles of the Ti4O7 based cathode and the carbon-coated Ti4O7 based cathode. 
The current rate is 0.1 C. 




Figure 5.4.4 Rate capabilities of the Ti4O7 based cathode (a) and the carbon-coated Ti4O7 based cathode (b) at 
different current rates (0.1C, 0.2 C, 0.5 C, 1 C and 0.1 C). (c) Cycling performance of the Ti4O7/S, carbon-coated 
Ti4O7/S and TiO2/S cathodes with ~50μL of electrolyte over 200 cycles at a charge/discharge rate of 0.1 C. The 
solid squares represent capacity and hollow squares represent coulombic efficiency, respectively. 
The rate capabilities of the electrodes are assessed at different discharge rates from 0.1 to 1 C 
rate, as shown in Figure 5.4.4. The Ti4O7/S electrode delivered a discharge capacity of 1119 
mAh g−1 at 0.1 C, 937 mAh g−1 at 0.2 C, 840 mAh g−1 at 0.5 C, and 640 mAh g−1 at 1 C rate. 
When the current density is back to 0.1 C, the electrode shows a reversible capacity of 998 
mAh g−1 (Figure 5.4.4a). As comparison, the carbon-coated Ti4O7/S electrode exhibits higher 
discharge capacities under the same conditions. It delivers a discharge capacity of about 1450 
mAh g−1 at 0.1 C, 1270 mAh g−1 at 0.2 C, 1113 mAh g−1 at 0.5 C, and 873 mAh g−1 at 1 C 
rate. When the current density is back to 0.1 C, the reversible capacity is 1304 mAh g−1, 
suggesting better rate performance and improved stability (Figure 5.4.4b). 
Nazar et al. 73 have used the Ti4O7 particles without porous structures as cathode materials. 
Their electrodes deliver a capacity of ~1000 mAh g−1 at 0.2 C rate.16 Another work reported 
by Cui et al.269 using hydrogen reduced TiO2 (which consists of TiO and Ti4O7) hollow 
particles as cathode materials. They present a high specific capacity of 1100 mAh g−1 at 0.2 C 




rate in the beginning. In my work, the carbon-coated porous Ti4O7/S electrode presents a 
higher capacity of 1270 mAh g−1 at 0.2 C rate. This excellent performance should be 
attributed to the highly porous structure and the carbon layer on the surface of the Ti4O7 
particles, which can provide larger surface area and better contact with the carbon black in the 
electrode than the reported works. 
Figure 5.4.4c shows the cycling performances of the Ti4O7/S and the carbon-coated Ti4O7/S 
cathodes at a current rate of 0.1 C. As a comparison, TiO2/S composite is also measured under 
the same conditions using the TiO2 particles prepared in the absence of PS-P2VP templates as 
the cathode materials. The Ti4O7/S, carbon-coated Ti4O7/S, and TiO2/S electrodes deliver the 
initial discharge capacities of 1219 mAh g−1, 1411 mAh g−1 and 543 mAh g−1, respectively. A 
reversible capacity of 920 mAhg−1 is obtained from the Ti4O7/S cathode even after 200 cycles, 
corresponding to 75.4% of capacity retention with an average Coulombic efficiency of 98.7%. 
The carbon-coated Ti4O7/S cathode presents a capacity of over 1090 mAh g−1, corresponding 
to capacity retentions of 77.2% with an average Coulombic efficiency of 98.2%. In the case of 
the TiO2/S electrode, it delivers a capacity of 99 mAh g−1 after 100 cycles, corresponding to a 
capacity retention of only 18%. Apparently, the Ti4O7/S and carbon-coated Ti4O7/S electrodes 
exhibit not only much higher capacity but also better stability than the TiO2/S electrode.  
The excellent overall electrochemical performance of the Ti4O7/S and carbon-coated Ti4O7/S 
cathodes can be attributed to the following factors. First, a large amount of 2-5 nm and 15-25 
nm mesopores in the Ti4O7 particles provide ultrahigh surface to adsorb the liquid electrolyte. 
Second, the porous Ti4O7 host can encapsulate and confine the polysulphide inside the pores 
by both physical and chemical interactions. 73 Compared with the typical carbon supports, 
which do not adsorb hydrophilic polysulphide intermediates, the strong surface interactions 
play a larger role in inhibiting sulphide dissolution and deposition than confinement that relies 
on physical barriers. Third, the carbon layer coated on the surface of the Ti4O7 particles 
provides better contact between the Ti4O7 particles and the carbon black of the slurry, which 
enables a lower resistance and improves the electrochemical performance of the carbon-
coated Ti4O7 electrode. 
In this chapter we demonstrate the synthesis of mesoporous Ti4O7 particles with high surface 
area of 592 m2g−1. TiO2@PS-P2VP particles are first obtained through the hydrolysis of 
titanium isopropoxide adsorbed on the PS-P2VP templates. Porous Ti4O7 particles are 
generated by the thermal reduction of the TiO2@PS-P2VP particles under argon atmosphere. 




Combining the highly porous structure with the polar surface for strong lithium polysulphides 
binding, the Ti4O7/S cathode exhibit a high specific capacity of 1210 mAh g−1 at 0.1 C, and a 
low capacity fade rate of 0.128% per cycle. More importantly, compared with the porous 
Ti4O7/S and the TiO2/S cathodes, the carbon-coated Ti4O7/S cathode displays the highest 
capacity of 1411 mAh g−1 at 0.1 C, and a best cycling stability with a capacity decay of only 
0.11% per cycle over 200 charge/discharge cycles. This work realizes for the first time the 
precise control on the porous structures of the Ti4O7 materials. The complex structures are 
demonstrated to be crucial to enhance the electrochemical performance when they are applied 
as cathode materials for Li-S batteries. 









This thesis presents the synthesis of novel functional materials using PS-P2VP particles and 
their porous structures as soft templates. By applying the Rayleigh instability of polymer 
tubes inside AAO nanopores, Pd@PS-P2VP@Au particles with Pd nanoparticles coated on 
the shell and Au nanoparticles trapped in the core have been synthesized. Their optical and 
catalytic properties have been studied. In addition, by using porous PS-P2VP particles as soft 
templates, PDA@Au nanoreactors and Ti4O7 nanoparticles with interconnected pore 
structures have been synthesized. Their applications as catalytic nanoreactors and cathode 
material for Li-S batteries have been investigated. 
First, PS-P2VP@DT-Au core-shell particles have been synthesized by swelling the short 
polymer rods containing periodic DT-Au aggregations, which are derived from Rayleigh 
instability of bilayered PS-P2VP@DT-Au nanotubes confined in AAO cylindrical pores. The 
core size can be adjusted directly by using different amount of DT-Au nanoparticles. The 
composite particles with larger DT-Au cores exhibit a red shift of the surface plasmon 
absorption band in the UV-vis spectrum. Moreover, a second metal, Pd nanoparticles, has 
been successfully coated on the shell with patterned distribution, which can work efficiently 
as catalyst for the reduction of 4-nitrophenol. This study demonstrates for the first time the 
assembly of two types of metal nanoparticles onto polymer particles with separated 
distribution, which provides opportunities for the synthesis of novel multi-functional 
materials. 
Second, the PDA@Au nanoreactors with interconnected channel structure have been 
synthesized by using porous PS-P2VP particles as template. The wall thickness of the PDA 
channels can be tuned efficiently by controlling the polymerizing time. 3D electron 
tomography (ET) reconstruction of the particles confirms the interconnected pore structure, 
where Au nanoparticles are encapsulated. Because of the permeable property of the PDA 
layers, the composite particles can be applied as nanoreactors for the kinetic study of catalytic 
reduction of 4-nitrophenol. The reaction is surface controlled according to the theoretical 
analysis. The kinetic results show different ka, kb (the reaction rate constants of step A and 
step B), and KNip (the adsorption constant of 4-nitrophenol), but similar KBH4 and KHx (the 
adsorption constant of BH4- and Hx) when compared with Au nanoparticles immobilized in 
SPB and ligand-free Au nanoparticles. As far as we know, this is the first report for the 




synthesis of PDA based nanoreactors with interconnected pore structure, which enables the 
kinetic study of encapsulated metal nanocatalyst in confined nanochannels.  
Third, the synthesis of mesoporous Ti4O7 particles by using porous PS-P2VP particles as 
template has been demonstrated for the first time. The obtained particles exhibit the ultrahigh 
surface area of 592 m2g−1. When employed as sulfur host materials, the Ti4O7/S and carbon-
coated Ti4O7/S cathodes exhibit high specific capacities and low capacity fade rates. More 
importantly, compared with mesoporous Ti4O7/S and TiO2/S cathodes, the carbon-coated 
Ti4O7/S cathode displays the highest capacity of 1411 mAh g−1 and a good cycling stability. 






7.1 Chemicals and Materials  
Poly(styrene-b-2-vinylpyridine) (PS-P2VP) (Mn (PS) = 50000 g/mol; Mn (P2VP) = 16500 
g/mol; Mw/Mn = 1.06) was obtained from Polymer Source Inc; dopamine hydrochloride, 
titanium isopropoxide (Ti(OCH(CH3)2)4), 3-mercaptopropionic acid (MPA), sodium dodecyl 
sulfate (SDS), dodecanethiol (DT), gold(III) chloride hydrate (HAuCl4•3H2O), palladium(II) 
chloride (PdCl2), tetraoctylammonium bromide (TOBA), 4-nitrophenol, analytical grade 
toluene, ethanol, sodium hydroxide and sodium borohydride (NaBH4), 
polyvinylidenedifluoride (PVDF),  dioxolane (DOL), dimethoxyethane (DME), N-Methyl-2-
pyrrolidone (NMP), lithium nitrate (LiNO3) and bis(trifluoromethane)sulfonimide lithium salt 
(LiTFSI) were purchased from Sigma Aldrich, and used as received. Tetrahydrofuran (THF) 
was purchased from Fisher Scientific UK and used as received. De-ionized water was used 
for all aqueous solutions. Anodic aluminum oxide (AAO) membranes (Anodisc 13, 0.2 μm) 
were purchased from Whatman Ltd. The membranes were rinsed thoroughly with 
dichloromethane, tetrahydrofuran, and de-ionized water in sequence and then dried in vacuum 
before use.  
7.2 Synthesis procedure 
7.2.1 Synthesis of Pd@PS-P2VP@DT-Au particles 
7.2.1.1 Preparation of DT-Au nanoparticles 
A HAuCl4•3H2O (0.6 mmol) aqueous solution (60 mL) was added to tetraoctylammonium 
bromide (TOAB, 1.2 mmol) dissolved in toluene (160 mL). Under vigorously stirring, the 
yellow aqueous solution became colorless, and the toluene phase turned to orange as a result 
of the complexing of [AuCl4]- with tetraoctylammonium cations. The above solution was 
mixed with DT (0.6 mmol) in toluene (20 mL) for 10 min at room temperature. A freshly 
prepared aqueous solution (60 mL) of sodium borohydride (6 mmol) was added to the 
vigorously stirred mixture. After stirring for 12h, the obtained Au nanoparticles were 
separated by centrifugation (8000 rpm, 60 min), removal of the supernatant. The precipitation 
was cleaned by ethanol for three times. The product was dissolved in 30 mL toluene for the 
further preparation of PS-P2VP@DT-Au wetting solution.  
7.2.1.1 Synthesis of PS-P2VP@ DT-Au core-shell particles 




For the wetting of the AAO membrane, one drop of PS-P2VP/DT-Au/toluene solution (5 μl) 
was placed on a glass slide. Subsequently, an AAO membrane was placed on the top of the 
solution. The nanopores of the membrane were filled with such mixed solution within seconds 
by capillary force. The membrane was first dried at ambient conditions, then in vacuum. The 
obtained PS-P2VP@DT-Au nanotubes with AAO membrane were annealed at 140 °C in 
vacuum for 120 minutes to produce polymer nanorods with periodic encapsulated holes based 
on the Rayleigh instability. Then the AAO membranes were dissolved in 5 wt % sodium 
hydroxide aqueous solution for 30 min to release the polymer nanorods. After thoroughly 
cleaned by DI water, these polymer nanorods were re-dispersed in water for ultrasonication. 
30 minutes of ultrasonication is enough to cut the PS-P2VP@DT-Au nanorods into short 
nanoblocks. The concentrations of PS-P2VP and DT-Au nanoparticles used in the 
experiments are summarized as shown in table 7.2.1.1.1. 
The obtained nanoblocks were dispersed in 4.5 ml SDS aqueous solution (the concentration of 
SDS is 1 mg/ml). A small amount of toluene (0.5 ml) was dropped into this aqueous 
suspension under sonication. The original clear suspension became opaque gradually. This 
opaque emulsion was kept at room temperature for 48 h to swell the PS-P2VP@DT-Au 
nanoblocks into particles. After that, the suspension was heated at 70°C to evaporate toluene, 
followed by centrifugation at 8000 rpm for 15 minutes to discard the surfactant.  
Table 7.2.1.1.1 The concentrations of PS-P2VP and DT-Au nanoparticles used in the experiments and the 
corresponding core sizes of the products. 
cPS-P2VP (mg/ml) 60 60 60 60 40 90 
cDT-Au (mg/ml) 5 20 30 40 20 20 
Dcore (nm) 82 130 230 360 166 102 
 
7.2.1.2 Assembly of Pd nanoparticles onto the PS-P2VP shell 
PS-P2VP@DT-Au particles (5 mg) were first soaked in 5ml of the PdCl2/HCl/ethanol (PdCl2 
0.1 mM, HCl 1 mM) solution for 10 h to perform the coordination of metal ions with P2VP 
groups. Then the composite particles were centrifuged and redispersed in 5 ml H2O. 0.1 ml of 
ice cold NaBH4 (10-3 M) was used as reducing agent and injected into the solution at a speed 
of 1ml/h with the syringe pump to generate Pd nanoparticels under stirring. The solution was 
further stirred for 2 min after adding of the reducing agent, followed by centrifugation twice 





7.2.1.3 Catalytic reduction of 4-nitrophenol 
Sodium borohydride solution (0.5 ml, 0.1 M) was added to a 4-nitrophenol solution (4.5 ml, 
0.11 mM) contained in a glass vessel. The solutions were purged with N2 to remove oxygen 
from the system before mixing. A certain amount of Pd@PS-P2VP@DT-Au and PS-
P2VP@DT-Au particles (50 μl, 0.36 mg/ml) was added to the mixed solution. UV-vis   
spectrum was immediately taken every minute in the range of 250 nm to 500 nm. 
7.2.2 Synthesis of PDA@Au nanoreactors 
7.2.2.1 Synthesis of porous PS-P2VP templates 
In a typical experiment, 10 mg of the PS-P2VP was dissolved into 10 ml toluene, and then 
emulsified into 100 ml water under sonication to form a surfactant emulsion (0.1 wt% of 
SDS). Toluene was evaporated at 75 °C in a water bath, resulting in the solidified PS-P2VP 
nanospheres dispersed in the water. The obtained nanoparticles were collected with repeated 
centrifugation at 10000 rpm and cleaned with de-ionized water for 3 times. 10 mg of the 
particles were redispersed in 60 ml ethanol and kept at 70 °C for 60 min to induce the porous 
structure. PS-P2VP with different swelling ratios (Mn (P2VP)/Mn (PS)) was studied in the 
experiment, as shown in table 7.2.2.1.1. The particles can be collected by centrifugation at 
6000 rpm. 
Table 7.2.2.1.1 Experimental parameters in the synthesis of porous PS-P2VP particles. 
Block copolymer PS23.6k-P2VP10.4k PS50k-P2VP16.5k PS26k-P2VP4.8k 
swelling ratio 0.44 0.33 0.18 
swelling time (min) 60 60 60 
swelling temperature (°C) 70 70 70 
structure collapsed particles porous particles multilayered particles 
 
7.2.2.2 Assembly of Au nanoparticles onto the porous BCP particles 
10 mg of the porous PS-P2VP particles were dispersed in 20 ml HAuCl4/ethanol solution (10-
3 M) at room temperature for 12 h to allow the coordination of the AuCl4- ions with the 
protonated pyridine rings of P2VP through electrostatic interactions. In order to avoid the 
formation of excess gold nanoparticles in the solution, the coordinated complex is separated 
from the free AuCl4- ions by centrifugation. The composite particles were redispersed in 5 ml 




ethanol in a quartz vessel. The adsorbed gold ions were reduced into gold nanoparticles by 
exposing the composites under UV light irradiation for 4h.  
7.2.2.3 Deposition of polydopamine (PDA) to the Au@PS-P2VP porous particles 
10 mg of the obtained Au@PS-P2VP porous particles were dipped into a solution of 
dopamine hydrochloride (0.3 mg/ml) dissolved in 10 ml Tris buffer (pH 8.5-8.8). The reaction 
vessel was kept in ice bath for several hours with vigorous stirring. After the deposition, the 
samples were collected by centrifugation at 6000 rpm for 10 min. In order to remove the extra 
dopamine and the secondary particles, the centrifugation should be repeated until the 
supernatant was colorless. The influence of the polymerization time on the thickness of the 
PDA layer is studies as shown in table 7.2.2.3.1. 
Table 7.2.2.3.1 The influence of the polymerization time on the thickness of the PDA layer. 
polymerization time (h) ＜ 5 5 7 11 
thickness of the PDA layer (nm) particles are fragile 7~8 10~12 15~18 
 
7.2.2.4 Removal of the PS-P2VP templates 
The PDA@Au@PS-P2VP particles were redispersed in 50 ml THF at room temperature 
under stirring. After 7 days, the PS-P2VP frameworks were totally dissolved by THF and the 
PDA@Au hollow particles were remained in the suspension. Repeated centrifugation using 
THF at 6000 rpm was necessary for the complete removal of the dissolved polymer. 
7.2.2.3 Kinetic study of the catalytic reduction of 4-nitrophenol  
The reduction of 4-nitrophenol was conducted following the same procedure as presented in 
chapter 7.2.1.3. The PDA@Au nanoreactors were added into the solution before the UV-vis   
absorption measurement. 
The kinetic analysis was performed by UV-vis  spectroscopy at 400 nm (Perkin Elmer, 
Lambda 650 spectrometer). The content of Au nanoparticles was estimated from the TGA 
results and the size of the nanoparticles was measured from TEM images. For this calculation, 
the Au nanoparticles were assumed as spheres and the density of bulk Au metal was used (ρ = 
19.28 g/cm3).  
The evaluation of the data was done using a MatLab sheet as reported by Gu et al.113 The 





solution of Eq 2.3.2.3 and 2.3.2.5 by two MatLab routines as reported by ref.113. The Matlab 
routines were used to calculate the theoretical Nip concentration cNip,th as the function of time 
for a given values of KNip, KBH4, KHx, ka, kb, and n. These data are compared to the 
experimental results and the constants are changed until agreement with the experiment is 
reached. In the following we give the details of this procedure.  
First, all cNip,exp data obtained at 20 ˚C were put into MatLab routine I. Routine I calculates 
cNip,th for a given set of values of KNip, KBH4, KHx, ka, kb and n. The parameters from ref.113 
were used as a first input for KNip, KBH4, ka, kb, and n. Then every theoretical cNip,th as the 
function of time was compared to the corre-sponding experimental data cNip,exp. The 
calculation is repeated until most of calculated data of cNip,th match the corresponding 
experimental data sets cNip,exp.  
Second, the reaction rate of steps A and B (ka, kb) may be different at different initial reaction 
concentrations, so the values of ka and kb were reoptimized using MatLab routine II. This 
routine can only analyze one cNip,exp at one time. The values of ka and kb were changed while 
keeping KNip, KBH4, KHx, and n obtained by routine I constant until full agreement was reached.  
Third, the error bars of these parameters were also checked by MatLab routine II. Changing 
one parameter at one time, cNip,th was compared to the corresponding experimental data cNip,exp 
to check whether the value was within the error bars. Evidently, the consumption of the Hx 
intermediate cannot be measured directly and the fit values for kb and KHx are less precise to 
get from this fit than the other parameters. 
7.2.3 Synthesis of porous Ti4O7 nanoparticles 
7.2.3.1 Synthesis of porous PS-P2VP templates with different porosities 
The porous PS-P2VP particles were generated as presented in chapter 7.2.2.1. The porous 
structures were tuned by swelling the PS-P2VP nanoparticles in ethanol at 75 °C for 30 min 
and 90 min, respectively. Typically, 10 mg of the PS-P2VP nanoparticles were swollen in 100 
ml ethanol to generate the porous structures. 
7.2.3.2 Synthesis of TiO2@PS-P2VP particles 
In a typical synthesis, 10 mg of the PS-P2VP porous particles were dispersed in 100 ml 
ethanol. 0.2 mL of 3-mercaptopropionic acid (MAP) was added and stirred for 30 min at 
room temperature. 0.2 mL of titanium (IV) isopropoxide (TIP) was then added to the 




suspension. The suspension was stirred for 48 h to allow the coordination of TIP with the 
P2VP components. A hydrolysis process was induced by addition of a certain amount of H2O 
into the suspension. The H2O/Ti molar ratio (known as hydrolysis ratio r) was controlled by 
using different amounts of H2O (0.15 ml, 0.3 ml, 0.45 ml, 0.7 ml). The suspension was stirred 
for 3 h and then centrifuged for 30 min at 8000 rpm to collect the PS-P2VP@titanium oxide 
nanoparticles.  
7.2.3.3 The transformation of TiO2@PS-P2VP particles into porous Ti4O7 particles 
The TiO2@PS-P2VP particles were collected by freeze drying and heated at 100 °C for 4-6 h, 
then heated at ~900 °C for 4 h under an Ar stream in a tubular furnace (Nabertherm GmbH) 
using a heating ramp of 4 °C min−1. A black powder product (porous Ti4O7 particles) was 
obtained. The experimental parameters and results are summarized in table 7.2.3.3.1. 
Table 7.2.3.3.1 Effect of the experimental parameters on the structure of the obtained Ti4O7 particles. 
hydrolysis ratio r 
PS-P2VP template  
20 40 60 100 
swelling at 75 °C for 30 min ×* × × closed particles with interconnected pores 
swelling at 75 °C for 90 min × × × open porous particles with interconnected pores 
* no porous particles were generated. 
7.2.3.4 Synthesis of the carbon-coated porous Ti4O7 particles 
In a typical experiment, 10 mg of the TiO2@PS-P2VP particles were dipped into a solution of 
dopamine hydrochloride (0.1 mg/ml) dissolved in 10 ml Tris buffer (pH 8.5-8.8). The reaction 
vessel was kept in ice bath for more than 7 h with vigorous stirring. After the deposition, the 
dispersion shows a color change from white to black indicating the deposition of PDA on the 
surface of the particles. The samples were collected by centrifugation at 6000 rpm for 10 min. 
The secondary PDA particles were removed by repeated centrifugation until the supernatant 
was colorless. 
7.2.3.5 Polysulphide adsorption study 
Solid Li2S8 was synthesized by reacting elemental sulphur and Li2S in the desired ratio in a 
mixed solution of dioxolane (DOL) and dimethoxyethane (DME) (see table 7.2.3.5.1). The 
solution was stirred at room temperature for 1 h inside an Ar-filled glovebox. The solvent was 





A Li2S8 solution was prepared by dissolving 4 mg of Li2S8 in 5 ml of THF. 20 mg of the 
mesoporous Ti4O7 particles were added to the solution. To inspect the color change, the 
solution was stirred for 2 h and then settled down for 2 h.  
Table 7.2.3.5.1 Preparation of Li2S8 solution. 
Li2S8 solution (1 M) 
lithium sulfide (Li2S) 460 mg 
Sulfur (S) 2245 mg 
dioxolane (DOL) 3.897 ml 
dimethoxyethane (DME) 4.764 ml 
 
7.2.3.6 Electrochemical measurements 
Mesoporous Ti4O7 particles with carbon black Super P and the binder (PVDF) at a weight 
ratio of 8:1:1 were dispersed in NMP. The mixture was drop-cast on carbon coated aluminium 
foil with an area of 2 cm2 to form a thin slurry, which was applied as the positive electrodes. 
The electrodes were dried at 80 °C overnight before use. Coin cells were assembled inside the 
glovebox with lithium foil as anode and an electrolyte consisting of 0.1 M Li2S8, 4 wt% 
lithium nitrate (LiNO3), 8 wt% bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) and a 
mixture of dioxolane and dimethoxy ethane (1 : 1, w/w). The typical sulphur loading was 1.0-
1.2 mg per electrode, with an electrolyte volume of ~50 μl in all cases. Celgard was used as a 
separator material. The cells were galvanostatically cycled between 1.8 and 3.0 V at different 
C rates (1C=1675 mA g−1). The CV curves were recorded on an electrochemical workstation 
at a scanning rate of 0.03mV s−1 in the voltage range of 1.8-3.0 V. The current density and the 
capacities were calculated based on the mass of sulfur. 
7.3 Characterization  
7.3.1 Transmission electron microscopy (TEM) 
The morphology of the obtained particles including Pd@PS-P2VP@Au nanoparticles, 
PDA@Au nanoreactors and the porous Ti4O7 particles was investigated by the transmission 
electron microscopy (TEM). Carbon support film (200 mesh, Science Services, Munich, 
Germany) have been pretreated by the glow discharge for 10 seconds. TEM specimens were 
prepared by dropping approximately 5 μL of a 0.1 wt.-% solution on a TEM copper grid. 
After 2 minutes, the excess liquid was blotted with a filter paper. The remaining liquid film on 




the TEM grid was dried at room temperature for at least one hour. The specimen was inserted 
into the sample holder (EM21010, JEOL GmbH, Eching, Germany) and transferred to a JEOL 
JEM-2100 with a LaB6 cathode (JEOL GmbH, Eching, Germany). The TEM was operated at 
an acceleration voltage of 200 kV. All images were recorded digitally by a bottom-mounted 
4k CMOS camera system (TemCam-F416, TVIPS, Gauting, Germany) and proceeded with a 
digital imaging processing system (EM-Menu 4.0, TVIPS, Gauting, Germany).  
7.3.2 Scanning electron microscope (SEM) 
The SEM imaging and EDX elemental mapping were performed using a LEO 1530 field 
emission SEM equipped with an EDX attachment (Zeiss) measurement in secondary electron 
mode at 2kV. The samples for the SEM analysis were prepared by dropping 100μL of the 
concentrated sample solution on the silicon wafer and drying at room temperature. 
7.3.3 Electron tomography (ET) and image processing  
For electron tomography a drop of PDA@Au nanoparticles suspended in water was dried on a 
standard TEM grid (copper grid with a thin layer of carbon). Tomographic data were collected  
on a JEM-2100 (JEOL GmbH, Eching, Germany) operated at 200 kV and equipped with a 4 k 
× 4 k CMOS digital camera (TVIPS TemCam-F416). Tilt series were acquired using the 
Serial-EM acquisition software package with a tilt-range of ± 60° and a 2° angular increment 
at a magnification of 30,000x, corresponding to a pixel size of 3.6 Å at the specimen level. 
Tilt series were aligned using patch tracking then reconstructed using weighted back-
projection with the IMOD software package. Surface segmentation was performed using 
Amira (FEI Company, Eindhoven, the Netherlands). Three-dimensional surface renderings 
and movies were generated with UCSF Chimera.    
7.3.4 Thermogravimetric Analysis (TGA) 
The TGA measurements were conducted using a Netsch STA409PC LUXX. 10 mg of dried 
samples were filled in the crucible and heated from 25 °C to 600 °C under a constant Ar flow 
(30 ml/min) with a heating rate of 10K/min. Then the samples were hold at this temperature 
for 8 h. The weight loss was attributed to the polymer and the remaining weight to the metal 
content of the sample. 





FTIR were carried out at a FT-IR Nexus (Thermo Nicolet). 5 mg of the dried sample 
(PDA@Au nanoreactors) was mixed with KBr and pressed to a pellet. The absorption bonds 
located at 1490, 1435 and 1250 cm-1 were used to identify the formation of polyphenoles 
structure. The absorption at 1622 cm-1 was used to identify the stretching of aromatic C-C 
bonds of indole.  
7.3.6 X-ray diffraction (XRD) 
XRD measurements were performed in a Bruker D8 diffractometer in the locked coupled 
mode (2θ ranging from 10° to 80°) with Cu Kα1 radiation, the incident wavelength is 1.5406 
Å. For the accomplished measurements the acceleration voltage is set to 40 kV and the 
filament current to 40 mA. 
7.3.7 Ultraviolet-visible (UV-vis) spectroscopy   
For the measurement of the UV-vis absorption spectra, the reaction solution with catalytic 
particles (Pd@PS-P2VP@Au nanoparticles or PDA@Au nanoreactors) was placed in quartz 
sample cell with a 1.0 cm cell path length. UV-vis spectra (at 400 nm) were recorded by using 
Lambda 650 spectrometer supplied by Perkin-Elmer at 20 °C with reference spectra of the 
corresponding particles in water.  
7.3.8 N2 adsorption/desorption measurement 
N2 adsorption/desorption isotherms were obtained using a Quantachrome Autosorb-1 system 
at 77 K. Surface areas were calculated using the Brunauer-Emmett-Teller method based on a 
multipoint analysis. Mesoporous Ti4O7 particles and TiO2 particles were degassed at 250 °C 
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